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Quick-Starting of Large High-Pressure 


High-Temper 


By JEFFERSON C 
C 


In the near future the Consolidated Edison’s generating 
stations will be faced with routine week-end 24 and 48-hr 
high-pressure, high- 
Asa result of week-end 


shutdowns of large, single-unit, 
temperature turbines and boilers. 
load drop and the opening of the new Astoria Station 
with heat rates approximately 20 per cent better than those 
the annual number of starts from cold 
It is with 


of existing plants 
on high-pressure boilers will increase greatly. 
this prospective situation in mind together with a convic- 
tion that quick-starting from cold of large high-pressure 
boilers, when properly handled, is less rigorous on the 
expanding boiler structure than present 5 to 6-hr starts, 
that this investigation was carried out. By means of test 
results this paper demonstrates that safe operating proce- 
dures can be developed to bring 1,000,000 Ib of steam per 
hr, high-pressure, high-temperature boilers equipped with 
high-pressure-drop superheaters from a cold condition to 
on-the-line in 1 to 2 hr. The paper explains some of the 
operational techniques and fundamental concepts relative 
to such accelerated starts. It also presents data on the 
handling of both the topping and condensing turbines in 
connection with cold boiler starts. _ 
TARTING tests were conducted on nine boilers of four very 
different designs. Some of the boilers were on a unit sys- 
\ tem with a topping turbine, some on a unit system with a 
condensing turbine, and some on by-passes to lower-pressure 
The pertinent design data on the tested steam gener- 
Cross sections and cuts are shown in 


INTRODI CTION 


systems. 
ators are listed in Table 1. 
Figs. 1 to 8. The locations where gas and metal temperatures 
and expansion movements were taken are indicated on these 
figures. 

Design and operation considerations of unit-system high- 
pressure, high-temperature boilers, prior to the work reported on 
in this paper, have been concentrated on the range of capacity 
from 30 per cent maximum to full output. Practically no per- 
formance data have been published, to the author’s knowledge, in 
the range from zero to 30 per cent maximum output. This is 
particularly true in the preoutput range which begins with light- 
off and ends with the synchronizing of the generator. A graphi- 
cal representation of the three ranges of operation is shown in 
Fig. 9 

During the early part of the work reported herein, it was con- 
ceived that—following «a week-end shutdown —a boiler, with its 
companion turbine, could be started from cold in a total elapsed 
time of 60 min from light-off to on-the-bus. The proposed 
typical start or preoutput-zone performance is shown graphically 
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in Fig. 10. However, as such an operation involves a rate of 
saturated-steam temperature inerease of 400 F to 500 F per hr, or 
four to five times as large as was the generally accepted practice 
prior to 1950, the reduction of starting time was brought about 
gradually. Successive shortenings were undertaken only after 
analysis of the data covering the previous start had demonstrated 
the soundness of the operation. The factors under close observa- 
tion during these starts were as follows: 


1 Overheating of the superheater-element metal in the gas 
passages, 

2 Thermal stresses in the drum structure resulting from non- 
uniform heating of the drum by water and steam along its length, 
in the head, and across the drum wall. 

3 Expansion of the entire boiler structure, 


SuUPERHEATER-METAL AND GAS TEMPERATURES 


Hudson Avenue Station ~—No. 100 Boiler. No. 100 Babcock & 
Wileox boiler at Hudson Avenue, shown in Figs. | and 2, was 
first operated on December 15, 1950. Purchased for 1,100,000 Ib 
of steam per hr continuous and 1,300,000 Ib per hr for 16 hr out 
of 24, it is being operated at 1,430,000 Ib per hr for 12 hr out of 24, 
The dry-bottom furnace is divided by a center waterwall which is 
open at the top. Eight ecireular burners in each furnace are 
supplied by five mills. 
sections, the drainable primary located in the outlet pass and the 


The superheater is composed of two 


nondrainable secondary in a pendant parallel-flow arrangement 
immediately behind a single row of screen tubes. 

Test starts were made on this boiler, using its by-pass line 
around the turbine. For comparison purposes one 200-min and 
one 85-min start In the 200-min start the 
bottom burners in each furnace adjacent to the outer side walls 
were fired alternately, and in the 85-min start were fired simul- 
temperatures, 30 


will be discussed. 


taneously. To obtain  superheater-metal 
chremel-alumel thermocouples were pinned on the surface of 15 
pendant Fig. 11. These 
thermocouples were protected from abrasive action by either 
carbon or stainless-steel shields welded to the tubes and covered 
The thermocouple installation proved 


superheater elements as shown in 


with refractory cement. 
satisfactory and lasted several months. 

With the thought of holding the superheater-tube-metal tem- 
perature to a minimum during the start and prior to mass steam 
cireulation, the secondary section was flooded deliberately to the 
height of the outlet header. The primary section was drained. 

To avoid excessive superheater tube-metal temperature, in 
structions were issued to regulate firing so that the gas tempera 
ture entering the screen tubes would not go above 1050 F 
With this limitation as 
grade metal in the secondary elements, namely, Croloy 2'/,, 
would be operating well within the ASME Code of allowable 
The ma- 


precautionary measure, the lowest- 


stresses at the operating pressures during the start. 
terial is good for « working stress of 5800 psi at a metal tempera- 
ture of 1050 F for a ereep rate of 0.01 per cent per 1000 hr as 
shown in Fig. 47. During the starting period the maximum 
secondary metal temperature recorded was 855 F at the top of 
tube No. 34 as shown in Figs. 13 and 15. This was shortly be- 
fore opening the by-pass valve, and the saturated-steam tempera- 
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PERFORMANCE AND CONSTRUCTION DATA 


Hudeon Avenue East River Waterside Sherman Creek Hell Gate 


Stations 


Boiler Number > 100 50 & 60 80 & 90 90 & 100 1h& 12 


Biw B&W =Comb.Engrg. Comb. Engrg. 
Superheater Superheater 


Manufacturer 


Design Conditions 


Drum Pressure psig 1,605 1,570 1,710 1,743 1,035 


SH Outlet Steam Temp F 1,050 1,000 950 955 950 


Steam Flow - Lbs/Hr (Continuous) 1,100, 000 1, 000, 000 1,000, 000 1,000, 000 900, 000 


Temp. FeedwatertoEconomizer F oe 450 400 437 435 397 
Drum Stamping Pressure - psig . 1,725 1,675 1,800 1,800 1,100 
Water Capacity - Normal Firing Level - Lbs 474,000 330,780 211,000 173,000 443, 300 


Weight of Pressure Parts - Lbs 2,894, 100 1,769, 100 1,591,900 1,451,050 1, 707, 500 


Pressure Drop - psig - Drum to Throttle Valve 144 70 116 143 135 
at 
Steam flow of-Lbs/Hr 1, 360,000 1,000, 000 1,000, 000 1,000, 000 900, 000 


Unit Served (a) - Topping Condensing Topping Topping Topping 


Q S Bypass QS Bypass QS Bypass QS Bypass F F Bypass 
Furnace Bottom Dry Dry Wet Wet Wet 

Radiant Section-Sq Ft 15, 597 14,173 5,225 4,420 None 
Superheater Surface 

Convection Section Sq. Ft 36,065 23,783 24,495 26, 292 43,580 
Waterwall Surface - Sq Ft 15,944 12,842 14,161 10,995 23,440 
Economizer Surface - Sq Ft —_ 68, 500 41,849 34,020 34,020 32,060 
a Furnace Volume - Cu. Ft = 76,710 86,900 68, 500 53,700 78,020 


Heat Release - Btu/Cu Ft 20,610 14, 300 15,700 21,900 14,580 


at Steam Flow - Lbs/Hr , 300, 000 1,000, 000 925, 000 1,000, 000 900, 000 


Heat Absorption - Btu/Sq. Ft. of 
Waterwall Surface 39, 800 39, 800 62, 500 78,500 43,500 
at Steam Flow of-Lbe/Hr 1, 100, 000 1, 100, 000 1, 100, 000 1,000, 000 975, 000 


Drum (Steam) - Inside Diameter - Inches 66 66 60 60 72 


(Sheet (Upper) 47/8 4 23/32 4 3/16 5 3/16 3 13/2 awe 


= ( 

Thickness (sheet (Lower) 4 7/8 4 23/32 3 29/32 4 27/32 3 13/2 
— (Inches) ( 

(Heade 43/4 41/4 3 15/32 


Superheater Materials - See Individual Superheater Diagrams. 


NOTE (a) QS Bypaes - Turbine bypass line installed for quick starting. Capacity about 40% of boiler capacity 
F.F. Bypase « Full flow bypass to carry 100% boiler capacity 


ture at that time was 450 F corresponding to a pressure of 408 — superheater tubes closest to the furnace is given for two elevations 
psig. Using the stress formula in Paragraph 22 of the August 8, — t and 6 or top and bottom of the tube in Figs. 12 and 13. A tem- 
1951, revision of the ASME Boiler Construction Code, the work- perature at or close to saturation indicates that that portion of the 
ing stress is calculated to be 1835 psi. The tube-wall thermal — element is either still full of water or steam at saturation, while 
stresses were negligible at this time, because the metal was not temperatures above saturation indicate sections which are dry. 
: transferring heat, owing to the absence of any steam flow. It is The first passage of cooling steam—and perhaps some small 
evident, therefore, that the metal temperature—referring to quantity of water coming over from the primary superheater 
Fig. 47——could have reached 1150 F and still not have exceeded — is indicated when the top and bottom temperatures on the fire 
ASME Code stress values. In other words, the boiler could have — face of the same tube fall abruptly and then rise just as the boiler 
been brought up in less time than 85 min without exceeding code — goes on the by-pass. (Note elements 15 and 19 in Fig. 12.) 
stress values in the lowest-grade superheater elements. It is At any given time after the trapped water has been evaporated 
interesting to note here that the higher the design steam tempera- from most of the first eight rows of secondary tubes, the spread 
ture of any boiler, the higher is the gas temperature that can be — of metal temperature among the elements reflects the temperature 
tolerated at the superheater, during quick-starting. gradient of the gas across the width of the furnace. Specifically, 
A detailed record of the metal temperature of the first row of — gas is coolest adjacent to the side walls and the center dividing 
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SATURATED STEAM TEMPERATURE 
TAKEN WITH THERMOCOUPLES 


fs 


AT 2 LOCATIONS 


GAS TEMPERATURE 

| ENTERING SCREEN TUBES 
MEASURED WITH 6 

SHIELDED ES | 


FOR LOCATIONS OF THERMOCOUPLES 
ON ORUM 
got FIGURES 50 TO 56 


see 


SUPERHEATER METAL 
TEMPERATURE MEASURED 
ON || INLET TUBES AND 

4 OUTLET TUBES OF 
THE SECONDARY SUPERHEATER 

SEE FIGURE 


i 


CORNERS. 


5S 


Botter No. 100, 


(Designed and built by The Babcock & Wileox Company. 
and 1050 I 


wall, and hottest in the center of the two furnaces. The ris- 
ing of the (point temperature earlier in the start than the b- 
point tells the story of the lowering water level by evaporation in 
the first eight rows of tubes. From Fig. 12 it would appear that 
all water is evaporated from these eight rows in the north furnace 
60 min after lighting-off, and from the eight rows in the south 
furnace, Fig. 13, excepting No. 23, ia 43 min after firing. The 
slight rise and fall of metal temperature during the first 35 min of 
the start in Fig. 13 and during the first 30 min of the start in 
Fig. 14 reflects the initial firing and then the stopping of firing 
as a result of high drum level as shown in Fig. 16. 

Fig. 14 shows the metal temperature of the outlet row of Croloy 
18-8 tubes to be very low. This fact together with the low pres- 
sure existing during the start and the use of the highest-grade 
material, makes it obvious that the working stresses of this tube 
are negligible compared with the allowable ASMIo Code stresses, 
Fig. 47. When the boiler was put on the 
lighting-off, no sudden lowering of metal temperature occurred. 
This verifies the previous conclusion that all water was evapo- 
rated from the first eight secondary-superheater rows 60 min 
after the boiler was lit off. The absence of metal-temperature 
drop, at the cutting-in of the boiler, also proves that the quantity 


by-pass, 85 min after 


of water left trapped in the last eight rows of the secondary 
Thus an important point is established, 
superheater, 
water carry-over 


section is negligible. 
namely, that with a flooded 
quick-starting does not result in any appreciable 
at the moment the boiler delivers its first flow of steam. 


Fig. 15, which shows maximum and minimum superheater- 


even nondrainable 


XPANSION 
4 MEASURED. AT THE 
FOUR 


Hupson AvENUE STraTion oF THE Epison Company or New York 


Maximum continuous capacity 1,100,000 Ib per hr at 1605 psig 
total temperature.) 


metal temperatures during both the 85-min and 200-min start, 
demonstrates that for all practical purposes the maximum super- 
heater-metal temperature during the quick start was the same as 
on the longer start. 

Fig. 16 shows the temperature of the gas entering the screen 
tubes during both starts. The temperatures were obtained with 
water-cooled aspirating couples on lances inserted through the 
furnace wall. Comparison shows negligible difference between 
maximum gas temperatures on the two starts, namely, 950 F 
versus 910 F.) On the short start firing had to be stopped about 
18 min after lighting-off because of high water level in the drum 

East River Station —Nos. 50 and 60 Boilers. B & W boilers 
Nos. 50 and 60 at East River Station, initially operated on 
September 2, 1951, and November 11, 1951, 
shown in Figs. 3 and 4. Each boiler supplies a 137,000-kw cross- 
compound General Electric condensing unit, 
teed continuous steaming capacity of 1,000,000 Ib per hr at 1000 
and 1570 psi. The dry-bottom undivided and is 
fired vertically downward on both sides through a bench using 
eight intertube burners. sixteen fuel 
The superheater is arranged in two sections. 


respectively, are 


and has a guaran 


furnace is 


In each burner there are 
tips. The draina 
ble primary section is in the outlet pass in a horizontal position. 
The nondrainable secondary section is of the pendant parallel- 
flow design located immediately behind two screen tubes. The 
manufacturer, in the initial stage of operation, recommended 
that all starting procedures be guided by thermocouples located 
in the gas stream immediately behind the two screen tubes and 


ahead of the secondary superheater, and firing be controlled so 
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GAS THERMOCOUPLES 
FROM NORTH SOUTH 


BOWLER EXPANSION ME 


WATER WALL HEADER 


| = 
wn PLATE TO WHICH 
PH PAPER IS ATTACHED 


£088, 


hia. 5 Botrer Units Nos. 80 anp 90 at Warerstpe Station No. | 


(Designed and built by Combustion Engineering Inc. Maximum continuous capacity 1,000,000 lb per hr 
at 1625 psi and 955 F total temperature.) 
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GAS TEMPERATURE 
3_LANCES (3 FEET FROM ROOF 
AT NORTH, CENTER AND SOUTH 


QUICK-STARTING OF 


LARGE 


HIGH-PRESSURE 


HIGH-TEMPERATURE BOILERS 


SUPERHEATER METAL 


TEMPERATURE 
THERMOCOUPLE LOCATIONS 


r 


BOILER EXPANSION 
SCALES 
MEASUREMENTS TAKEN AT CENTER 
oF 
NORTH HEADER 
WEST HEADER 
SOUTH HEADER 
EAST ROUND HEADER 


EAST SQUARE HEADER / 


hig. 


VIEW LOOKING NORTH 


Boiter Unir 


No. 


(Designed and built by Combustion Engineering Ine. 
and 955 F total temperature.) 


100 av SHERMAN CREEK STATION 
Maximum continuous capacity 1,000,000 Ib per hr at 1625 psi 


FOR DRUM Th THERMOCOUPLE 
LOCATIONS SEE FIGURES 66 TO 75 
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that this gas temperature did not exceed 1000 F. With this oper- 
ating guide, the boilers were started in periods varying from 
3 to 4 hours. 

In connection with quick-starting tests of the East River 
boilers, time did not permit the installation of the relatively 
permanent type of metal-temperature thermocouples on the 
superheater elements as was done at Hudson Avenue. Instead, 
8 unshielded thermocouples—-with a life of one boiler start 
were installed at the top of the radiant section where the super- 
heater element is dry and sealed off from early circulation by the 
loop seals ahead of and after it, in the direction of flow, Fig. 17. 
It would have been preferable to place the thermocouples in the 
same locations as on No. 100 boiler at Hudson Avenue, but this 
was not possible because of operating conditions. The locations 
selected lent themselves to quick installation of the couples during 
week-end outages and it was felt that the metal temperatures 
obtained, together with gas temperatures immediately on the 
furnace side of the elements, would permit of sufficiently accurate 
analysis for the purpose. The couples were installed on three 
secondary elements on boiler No. 50 and on eight secondary cle- 
ments on boiler No. 60. In each boiler, the extreme-end elements 
adjacent to the side walls were among those fitted with couples, 
because of reports of overheating of end superheater elements 
elsewhere in the country. 

Fig. 18 shows the metal temperatures obtained on the eight 
elements during a 59-min start of boiler No. 60. Prior to starting, 
the primary superheater was drained and the secondary section 
was partially filled with trapped condensate which had collected 
during a 46-hr shutdown. The 59-min start was made using two 
mills and firing continuously from two diagonally opposite burners 
Maximum superheater-metal temperature was 040 F on element 
No. 62 a few minutes before the turbine reached full speed, 
Fig. 18. The material of the tubing at the point of this thermo- 
couple attachment is Croloy 2'/, which at the saturation tempera- 
ture of 425 F or a boiler pressure of 310 psig has a tube working 
stress of 1350 psi. From the ASME Code stress data in Fig. 47, 
this material at 940 F metal temperature can be worked at 
11,400 psi. If it is assumed that the lower-grade tube material 
SA-209-T1A in row No. | reached maximum gas temperature 
of 1084 F as shown in Fig. 22, the tube metal would still have a 
stress margin over 2 to | when compared to ASME: Code values in 
Fig. 49. 

Fig. 18 shows by the rapid fall and rise of tube-metal tempera- 
ture, beginning eight min after firing and ending 25 min after 
firing, the process of the boiling-out of the condensate in tube 
rows | to 8. The process is fast and intermittent indicating vio- 
lent ebullition at the small water surfaces which results in cerry- 
The end 


tubes, Nos. 1 and 79, about which concern was expressed previ- 


ing over condensate past the thermocouple locations. 


ously, clear of condensate about the same time as the other tubes. 
However, close inspection of the curves reveals that the evaporat- 
ing is done at a more uniform rate over the clearing period, owing 
Thus again 
the test results show that during quick-starting the front rows of a 


to lower gas temperature adjacent to the side walls. 


pendant superheater, containing, only trapped condensate at time 
of starting, are cleared of water before the turbine begins to roll 
at 50 psi. 

As to the clearing of the condensate trapped in the superheater 
loops on the downstream side of the thermocouple locations, refer 
to Fig. 19 which shows metal temperature on fifteen elements 
adjacent to the outlet header, together with drum water tempera- 
The former was obtained from a thermo- 
At 30 min after firing 
when the turbine is rolled, approximately one half of the loops 


ture and steam flow. 
couple in the water-column blowdown. 


formed by the superheater tubes of rows 9 to 12, inclusive, are 


clear of trapped condensate. At synchronizing all but four 
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of the tubes fitted with couples are delivering superheated steam, 
The last tubes to deliver superheated steam are Nos. 1 and 79, 
the extreme-end tubes adjacent to the side wall. As shown by 
the steam-temperature curve, throttle steam was slightly super- 

heated during the start. The data from which the latter curve : 
was drawn were obtained by « high-speed temperature recorder, 
all 16 points of which were on one thermocouple at the turbine 
throttle. 


moment during the start. 


No sudden drops in temperature occurred at) any 
This fact, together with the metal 
temperatures in Figure 19, demonstrates that quick-starting pro- 
duces uniformly inereasing steam-temperature conditions at the 
turbine, It is also interesting to note the effect of the gradual 
evaporation of the condensate in tube rows 9 to 12 in retarding — 
the rate of rise of steam temperature during the rolling period 

In Fig. 20 are plotted the secondary superheater-metal tem- 
peratures, but only for three elements obtained on boiler No. 50 
during «a 242-min start. The thermocouple locations on the | 
secondary superheater elements are the same as that on boiler : 
No. 60. 
tube-metal 


obtained on the 59-min quick start 


In the case of this start the maximum superheater 
800 10 F than that 
llowever, it should be noted 


temperature was lower 
that, after the turbine was synchronized and as loading and prea- 
Thus 


there is shown to be little difference on these boilers between max- 


sure increased, a metal temperature of 900 F was reached, 


imum superheater-metal temperatures on quick starts and long — 


starts. Boiling-out of condensate in the first eight rows of tubes, 
as shown in Figs. 18 and 20, was completed in 25 min for the quick 
start and in 45 min after light-off for the long start. It also 
appears that in the long start, more of the coolant passes the ther- 
mocouples as saturated steam, there being only one cooling cycle 
instead of two and three, as shown in Fig. 18. 

Fig. 21 shows superheater tube-metal temperatures near the 
Marked sud- 
den fluctuations of as much as 200 F are shown by No. 12 
It is be- | 
lieved this indicates condensate being blown out of the loops of 
tubes 9 to 12, The absence of these fluctuations in 
Fig. 19 during the quick start is an improvement over the long 


superheater-outlet header during the long start. 
thermocouple, and No. 18 and 62 to a lesser degree. 
inclusive. 
start, Fig. 21. However, the fluctuations all occur prior to 
opening the turbine stop so that, if free condensate is carried over, 
it is eliminated at the drains. The steam-temperature record 
which begins with the rolling of the turbine shows the steam to 
be superheated throughout the start. 

Fig. 22 shows maximum and average gas temperatures for 
both starts. As indicated in Fig. 3, gas temperatures were ob- 
tained in the space between the screen tubes and the super- 
heater tubes with unshielded couples in air-cooled Jances inserted 
through the furnace side walls. 

Waterside No. 80 and No, 90 Boilers. the 
Combustion Engineering boilers tested, Nos. 80 and 90 at Water- 


Station Two of 
side Station, were operated initially on June 2, 1949, and October 
17, 1949, respectively, and their cross section is shown in Fig. 5 
ach one supplies 1,000,000 Ib of steam per hr at 955 F to a 
50,000-kw Westinghouse superposed turbine operating at 1600 
psi throttle The slag-tap furnaces are tangentially 
fired with tilting burners 
or as they are sometimes called convection and radiant super- 


pressure, 
| 
Primary and secondary superheaters, 


heaters, respectively, are both of the pendant nondrainable type 
Figs. 23 and 24 show the detailed arrangement of the various 
tubing materials which make up the entire superheater surface 
on the two boilers, together with the locations of the thermo- 
couples on the individual elements on No, 90 superheater. No 
SO boiler and its turbine have been test-started from cold in 2 br 
but because the Nos, 80 and 90 boiler installations are duplicates 
these test results are not included in the paper. The elements 
selected for thermocouple installation on No. 90 are shown im 
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Fig. 25. Seven elements were used for metal-temperature data 
on the long start and ten elements for the quick start. Referring 
to Fig. 24, points D and E were selected in an attempt to record 
the highest superheater-metal temperatures at locations accessible 
from the boiler passes for thermocouple installation on week-end 
outages. Point B was selected because it is in the location of the 
hottest gas and the lowest-grade tubing. 
to check on the clearing of the convection section of the super- 
heater loops and also for a check on the SA-209-T1B metal tem- 
peratures. Point A was selected to determine if steam was 
flowing back to the dry drum from the convection section during 
the early period of the start. 

The paper discusses two of the starts made on No. 90 boiler 
from a cold condition; one of 90 min duration and one of 240 
min duration. Because, prior to the 90-min start, the boiler 
had been out approximately 10 days for maintenance work, 
during which a hydrostatie test had been made, the start was 
conducted with a completely flooded superheater, One mill 
was used to fire a bottom burner in each corner of the furnace. 


Point C was selected 


Ignition was gas 

Figs. 26 and 27 show the maximum metal temperatures exist- 
ing at the five points on each test element during each successive 
15-min interval from light-off to synchronizing. The curves are 
discontinuous in some cases beeause of thermocouple failure. 
It is seen that the maximum metal temperature recorded at the 
point of the hottest gas on lowest-grade metal material, namely, 
point B, is 730 F on element No. 8 during the 60 to 75-min inter- 
val. With the pressure on the boiler at 550 psi, it is obvious that 
the low-carbon-steel tube is well within its allowable code stress 

As shown in Fig. 26, the maximum superheater-metal tempera- 
ture recorded during the start was 1150 F and was at point D on 
element No, 38 during the 15 to 30-min interval. The same point 
is shown also in Fig. 29. The tubing material at this point in the 
element is SA-213-T16 which in the curves in Fig. 48 based on 
ASME: Code values is good for 900 psi allowable stress at 1150 F. 
At the time the thermocouple showed this temperature of 1150 F 
the pressure on the boiler was 75 psi. Therefore the stress on 
the tube was only 155 psi. Later in the start when the D 
thermocouple on element No. 68 showed a momentary reading of 
1080 F, the boiler pressure was 833 psi. With this working 
pressure the stress on the tube was 1720 psi which is within the 
allowable stress for the material as shown in Fig. 48. The highest 
metal temperature recorded for the SA-209-TIB carbon-moly 
at point C in the element was 825 F on element No. 83 during 
the 75 to 90-min interval. This material, with 833 psi boiler 
pressure had a tube stress of 2760 psi, which is well within the 
allownble ASME Code stress. The A-couples on the carbon-steel 
rear row of the convection surface indicated that early in the start 

as, for example. during the 15 to 30-min interval on elements 
Nos. 38, 68, and 83 in Figs. 26 and 27--the metal temperature 
was ss much as 100 F above saturation temperature, indicat- 
ing either a dry tube, or backflow to the dry drum of small 
amounts of superheated steam. Analyses of curves of element- 
metal temperatures plotted against time-——not shown in the paper 
and similar to curves 40 and 41 for a similar superheater—indi- 
cate that on the 90-min start all water was evaporated from the 
flooded elements 40 min after firing or at the time the turbine 
was rolled at approximately 50 psi. 

Thus it is demonstrated that a quick start from cold of 90 min 
ean be made a pendant superheater whose entire primary 
and secondary sections are flooded—-with complete safety of 
superheater-tube materials and without carrying over any ap- 
preciable moisture into the turbine. 

Fig. 28 shows for a 240-min start the same type of metal- 
temperature data as in Figs. 26 and 27, using the same locations 
of couples on the elements but covering seven instead of ten ele- 
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Station No. 90 Botter 


The D-couple was omitted from the test installation in 
feeling that the k-couple would be sufficient for the 
Metal are generally This start, 
as in the ease of the 90-min start, was made with the superheater 


ments 
this case, 
purpose temperatures low. 
flooded from a hydrostatic test. 

Fig. 29 shows maximum and minimum superheater tube-metal 
temperature for the quick and long start. Maximum for the 
quick start was 1150 F and for the long start 825 PF. The former 
temperature has already been discussed and has proved safe for 
the tubing material involved, 

In the case of the 240-min start, curves of superheater-element 
temperatures versus time not shown in the paper, but similar 
to those in Figs. 40 and 41, for the superheater on No, 100 boiler 
at Sherman Creek that 
from the flooded elements 1'/) hr after firing and, 


demonstrate all water was evaporated 


aus in the case 
of the quick start, coincident with the rolling of the machine. 
Fig. 30 shows the maximum and gis 


taken during both starts by unshielded couples 


average temperatures 


on air-cooled 
lances which projected into the furnace through the roof to the 
space between the screen tubes and superheater elements, 
Fig. 

Sherman Creek Station—No. 100 Boiler. No. 100 boiler at 
Sherman Creek is a Combustion Engineering tangentially fired 
a wet-bottom furnace and is rated at 1,000,000 Ib of 
steam per hr, 955 F. It was operated initially on October 20, 
1047, and supplies steam to a Eleetrie 50,000-kw 
double-shell topping unit, operating at 1600 psi throttle pressure. 

Fig. 31 shows the arrangement of the three tubing materials 
used to make up the superheater elements of No. 90 boiler. 
This boiler was operated initially in April, 1943. Quick starts 
from cold of 2-hr duration have been conducted on this unit, 


5, points F. 


unit with 


General 


but because of its similarity in design and size to No. 100 boiler, 
none of these test results is reported in the paper. 

Vig. 6 shows the No. 100 boiler in cross section. 
test start on this unit was made using bunker C oil, 


The 2-hr 
and gas for 
ignition, 

Fig. 32 shows the detail arrangement of the three tubing ma- 
terials used to make up the superheater-element assemblies on 
No. 100 boile 
tubes of the individual elements. 
elements selected for thermocouple installation are indicated in 
Fig. 33. Prior to the start, this boiler had been shut 
55 hr during which time no hydrostatic test was made so that the 


r, and the location of the four thermocouples on the 
The locations of the eight 


down 


Le 


CATIONS ON SUPERHEATER ELEMENTS 


condensate. 
both 


superheater nondrainable loops contained only 
Note that, like the Waterside No. 90 boiler superheater, 
the radiant and convection surfaces are nondrainable. 

The maximum metal temperatures reached in 20-min-intervals 
during the 2-hr start for each thermocouple location is shown in 
Figs. 34 and 35. For the low-carbon-steel tubing material, 
point B, there were four instances where the metal reached 1000 F 
and for the chrome-moly-titanium, point D, there is one instance 
of reaching 1078 F. This latter metal temperature for the SA- 
213-T16 material—at the 
sponding to the 520 F drum-water temperature 


working pressure of 800 psi corre- 
is conservative. 
The stress in the tube wall is 1640 psi and the code, at 1078 F, 
Fig. 48, 2000 psi. The material, SA-192, 
however, was brought up to a stress of 3700 psi at 1000 F metal 


allows low-carbon 


temperature which results in a ereep rate for a short interval, 
over that on which the code is based for continuous operation as 
shown in Fig. 49. 

Published data show that SA-192 at 1000 F and working at a 
1000-psi stress has a probable life before rupture of 40,000 hr. 
Therefore such momentary temperatures have no significant 
effect on tube life; for example—if for '/2 hr of each start from 
cold, the carbon tubing were operated at 1000 F 
perature 
in 50 years the cumulative hours’ operation at 1000 F 
total only 1250 

It should be borne in mind that as operating experience is 
accumulated in the handling of the firing during quick starts 
from cold, swings of high gas and metal temperatures will be of 
less magnitude. A later 1'/2-hr start No. 100 
Sherman Creek boiler, while still showing swings in gas tempera- 
ture, did result in uniformly rising superheater-tube-metal 
temperatures, Figs. 40 and 41. In these figures the number on 
each curve denotes the element number followed by the thermo- 
couple location on the tube. that the maxi- 
mum metal temperatures reached for the SA-213-T16 materials, 
point I}, was 1000 F before synchronizing and for points D and E, 
1065 F early in the loading of the turbine. The maximum metal 
temperature reached for the SA-209-T1B and SA-192 materials, 
point B, was 925 F The tube stresses at 
the time of maximum metal temperatures all are within code 
allowable stress limits for each of the materials involved. Points 
76 F, 110 F, and 152 F show peak temperatures of 1190 F, 1270 F, 
and 1120 F, The points are shown because they 


metal tem- 
and the boiler were started from cold 50 times a year— 
would 


from cold on 


The curves show 


before synchronizing. 


respect ively. 
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were in the test omen although they are not explainable because 
gas temperatures recorded at the time are below the metal- 
temperature values; also there is the fact that the couples are in 
a location external to and some 30 ft distant from their point of 
emergence from the furnace. 

Even if the 1270 F metal temperature were true, the material 
involved, SA-209-T1B from published data, has a stress-rupture 
life of over 2000 hr at 1270 F. As previously mentioned, the 
maximum possible hours of operation at such temperatures in a 
50-year equipment life is under 1250 hr. 

Figs. 40 and 41 also show by the rapid rise of metal tempera- 
ture above saturation within 12 min after initial firing, that all 
trapped condensate is evaporated long before the turbine is rolled. 

Thus it is demonstrated that with a superheater in which both 
the primary and secondary sections are nondrainable and in which 
trapped condensate partially fills the loops, a 1'/2-hr start from 
cold does not result in shertening of normal superheater life; 
also that the trapped condensate is evaporated completely from 
the loops within 15 min after firing and some 15 min before the 
throttle is opened to roll the turbine at 50 psi. 

Figs. 36 and 37 show maximum tube-metal temperatures 
reached by each of the four points on the elements during 30- 
min successive intervals for a 340-min-long start: made under the 
same element condition as the 2-hr start just discussed, namely, 
that the elements contained only trapped condensate collected 
during the shutdown. In general, maximum metal temperatures 
were lower than on the short start; point B, on the SA-192 ma- 
terial reaching 750 F; and points D and EF, on the SA-213-T16 
material reaching 885 F. Immediately following synchronizing, 
points D and EB reached 1050 F 

Fig. 38, which shows mnaximum and minimum superheater- 
metal temperatures for the quick and long starts, demonstrates 
that on the long start nothing was accomplished in the 3-hr 
period between 135 min and 315 min after initial firing. 

Fig. 39 shows maximum and average gas temperatures during 
the 120-min and 340-min starts. The maximum reached on the 
quick start was 1365 F and on the long start 1165 F. 

Hell Gate Station -Nos. 11 and 12 Boilers. Boilers Nos. 11 
and 12 at Hell Gate are B & W units, each rated at 900,000 Ib 
steam per hr at 950 F, 1035 psi, and were operated initially on 
February 23, 1946, and April 17, 1946, respectively. Both boilers, 
in normal operation, supply « total of 2,000,000 Ib of steam per 
hr to a General Electric 65,000-kw double-shell topping turbine 
exhausting at 300 psi, and are arranged so that they ean 
supply steam through « pressure-reducing station to the 300-psi 
steam-header system. 

As shown in Figs. 7 and 8, the boilers are of a three-pass design 
with a radiant wet-bottem furnace. Firing is by either pulver- 
ized fuel through horizontal intertube burners in the front wall 
just above the furnace floor—by bunker C oil, or natural gas. 
Ignition is also gas. All of the superheater surface in these 
boilers is drainable, excepting for nine rows of tubes at the 
bottom of the primary section. All of the superheater surface is 
convection and is located in the last pass. 

Fig. 42 shows the detail of the superheater arrangement, to- 
gether with the locations of the thermocouples and tube materials 
on both primary and secondary elements. Fig. 43 shows the 
seven elements which were selected for the thermocouple in- 
stallation. The two extreme-end elements were included among 
those fitted with couples. 

Of many test starts conducted on boilers Nos. 11 and 12, two 
starts made on boiler No. 11 are reported in the paper for com- 
parison, one of 59 min duration and one of 256 min duration. 
The quick start was made with oil and natural-gas firing and 
with the steam being discharged through the pressure-reducing 
station to the low-pressure system. 
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The metal temperatures of the bottom row of medium-carbon 
SA-210 tubes during the 59-min start and for a period of 30 min 
after the boiler went on the line are shown in Fig. 44. During 
the starting period maximum metal temperature was 850 F with 
a boiler pressure of 310 psi. With this low internal pressure the 
low-carbon-steel tube is being worked at a stress of 1773 psi 
which is a conservative value, Fig. 49. Fifteen minutes after 
the boiler cut in, when a rapid increase in steaming rate occurred, 
the carbon-steel metal temperature topped out at 975 F with a 
boiler pressure of 815 psi which produced a stress on the tube 
wall of 4700 psi, Fig. 49. [n this transient period the tube was 
momentarily working over its allowable code stress of 2600 psi. 
However, from published data, the life of the tube before rupture 
under continuous operation at this stress-temperature condition 
is indicated to be 30,000 to 40,000 hr. Thus momentary metal 
temperatures at these values have no effect on tube life. 

Fifteen minutes after firing, all metal temperatures in the bottom 
row of tubes in the secondary superheater dropped 200 to 300 deg F 
and stayed at or close to saturation temperature for about 10 
min before rising again, Fig. 44. With the gas temperature 
entering the superheater during this period practically constant, 
Fig. 46, the drop in metal temperature is explained by the cooling 
of the tubes by trapped water or steam coming over from the 
nondrainable bottom rows of primary tubes. In 35 min after 
light-off all of this water was evaporated. Therefore it is demon- 
strated on this design of radiant boiler, that the materials in its 
convection superheater are well within code allowable stresses dur- 
ing quick-starting. 

Fig. 45 shows the metal temperatures which were obtained on 
the bottom row of secondary tubes during a 256-min start. 
Maximum metal temperature during this start was 830 F or 
practically the same as on the quick start. The sudden cooling 
of the elements experienced on the quick start is not present on 
the long start. 
in the nine bottom primary rows is taking place during the long 
relatively slow metal-temperature-rise period, beginning 50 min 
after firing and ending 130 min after firing. 

Conclusion of Superheater Investigation 


It is believed that a slow evaporation of the water 


To sum up, the fore- 
going material, covering the results obtained on superheater- 
metal temperatures during quick starts from cold of 1 to 2 hr 
duration on the four different designs of boilers and superhesters, 
establishes that, with high-pressure-drop superheaters and with 
proper control of the firing, the superheater metal can be operated 
during the starting period within safe temperature limits and 
without resulting in shortening of normal superheater-element 
life. 

The foregoing statement has been proved correct in the preced- 
ing discussion for the following cases: 


1 A boiler and superheater with radiant superheater non- 
drainable and flooded, and the steam flowing only through the 
superheater drains during the starting period. (No. 100 boiler 
Hudson Avenue on by-pass operation. ) 

2 A boiler and superheater with radiant superheater non- 
drainable and partially filled with condensate, and with steam 
flow, exclusive of drain flow, beginning at 50 psi on the boiler 
and ending with synchronizing at 70,000 Ib of steam per hr (No. 
60 boiler —Kast River supplying steam to condensing turbine. ) 

3 A boiler and superheater with entire superheater non- 
drainable and flooded, and with steam flow, exclusive of drain 
flow, beginning at 50 psi and ending with synchronizing at 
120,000 Ib per hr. (No. 90 boiler-——Waterside with 
topping turbine.) 


steam 


4 <A boiler and superheater with entire superheater non- 
drainable and partially filled with condensate and with steam 
flow, exclusive of drain flow, beginning at 50 psi and ending with 
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synchronizing at 145,000 Ib steam per hr. (No. 100 boiler— 
Sherman Creek with topping turbine. ) 

5 <A boiler and superheater with entire superheater of con- 
vection surface, and primary nondrainable section filled with 
condensate, and with steam flowing only through the drain during 


the starting period. (No. 11 boiler Hell Gate. ) 


From the foregoing cases and previous discussion it can be 
concluded that quick starts from cold can be made with complete 
negligible moisture 
carried to the turbine for the cases not tested, namely, those of 
partially and completely nondrainable superheaters which are 
flooded prior to starting and which deliver steam to condensing 


safety of superheater metals, and with 


turbines. 
Safe superheater operation conditions prevail during a quick 
start from cold of high-pressure boilers for the following reasons: 


(a) There is a relatively low heat-release rate on the furnace, 

(b) There is an enormous heat-absorption rate in the cold 
waterwalls of the boiler. 

(c) The temperature of the gas reaching the superheater 
tubes is low, once the correct firing rate has been established, 
because of reasons (a) and (bh). 

(d) Whenever 
stresses unbove ASME Code allowable values, they are of such 


metal temperatures oceur which result in 
magnitude and short duration that they have no effect on normal 
tube life. 

(e) The superheater tubes are subjected during the start to 
low pressure stresses, Because there is little or no steam flow 
through the superheater, thermal stresses in the tube wall are 


negligible 
Drum-Metran Temperate RES 


Quick-starting of boilers from cold takes one far beyond the 
commonly used rate of saturation-temperature rise of 100 F 
per hr and up into the range of 300 to 500 F per hr. The 
heavy-wall drum is the part of the boiler structure most likely to 
be affected adversely by these higher rates of temperature rise. 

In the discussion of a previous paper,? Savoye reviewed the 
origin in his company of the 100-F-per-hr rate of saturated- 
steam-temperature increase and referred to it as having “been 
given in power-plant operation, an authority which cannot be 
upheld.” Further in the same discussion, after referring to 
field-test work on drums up to 8°/, in. thick he concluded, “If 
each part of a drum of any thickness is held to within 100 F of 
any other part, the maximum stress in the drum will remain 
within allow able limits.” 

In connection with permissible rates of metal-temperature in- 
crease, the manufacturer's instructions for starting and loading 
turbine generators states,*? “After starting, throttle-steam tem- 
perature should not be allowed to decrease, Steam temperature, 
speed, and load thereafter may be increased in any proportion 
which does not produce a temperature rise of the metal parts 
greater than 500 F per hour.”” While the preceding statement 
makes no reference to shell thickness, we assume that the manu- 
facturer has based the statement on maximum shell thickness 
of current designs. 

As shown by Table 1, the thicknesses of the drum sheet of the 


2"*Latest Techniques for Quick Starts on Large Turbines and 
Boilers,” by J.C. Falkner, D. W. Napier, and C. W. Kellstedt, Trans. 
ASME, vol. 72, 1950, pp. 1111-1122; Supplement, pp. 1123-1128; 
discussion, pp. 1128-1136; discussion by C. W. Savoye, Executive 
Assistant, The Babcock & Wileox Company, New York, N. Y., pp. 
1132-1133. 

’Starting and Loading Instructions for Schenectady Turbine 
Generators.’ GEI-34082A, General Electric Company, Schenectady, 
N. Y., 1951, item 4, “Controlled Starting and Loading With Proper 
Instrumentation.” 
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boilers tested vary from a minimum of 3!8/3 in. on Hell Gate 


Nos. 11 and 12 boilers, to 5%/;. in. on Sherman Creek Nos. 90 
and 100 boilers. 
Hudson Avenue-—-No. 100 Boiler. During the 85-min and 


200-min starts on No. 100 boiler at Hudson Avenue, thermocouple 
temperatures were taken along the top and bottom of the outer 
skin of the drum as well as on both sides at the horizontal center 
line. It was felt that relative drum stresses could be obtained by 
comparing the skin-metal temperature differences prevailing at 
various parts of the drum on the quick start, with those obtained 


on long starts. Thinking that temperature differences should 
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be analyzed in a given plane normal to the drum axis, Figs. 50, 
51, 52, and 53 were drawn to compare metal temperatures at 
different planes along the drum axis during both quick and long 
starts. 

The average rate of saturation-temperature rise for the quick 
start was 285 F per hr, and for the long start 90 F per hr 
The saturated-steam temperature shown on these curves was 
obtained by averaging thermocouple readings taken on two 
saturated-steam tubes adjacent to the drum 

Fig. 50 shows the comparative outer-skin-metal temperatures 
given by thermocouples installed by the manufacturer, at the 
top and bottom of the drum, at points Nos. 7 and 8, respectively, 
located at the north-end drumhead circumferential weld; also 
the skin temperature of the bottom at couple No. 6, installed by 
the manufacturer, which is located very close to the drum hanger, 
but some 3 ft closer to the center line of the drum than couples 
Nos. 7 and 8 On the 85-min quick start, 4 maximum metal- 
temperature difference of 70 F was reached 70 min after light- 
off when the saturation temperature was 385 F. On the long 
start, maximum metal-temperature difference was 65 F  oc- 
curring 85 min after light-off when the saturation temperature 
was 280 F. 
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Fig. 52 shows the analysis for « band of couples Nos. 1, 2, 3, 
and 4 located toward the north end of the drum inside of the 
outermost riser tube where better circulation should prevail 
than at the extreme end. Skin-metal temperature differences are 
lower on both quick and long starts than those at the extreme 
north end, reaching « maximum for the quick start of 45 F 
about 70 min after light-off, and a maximum of 45 F about 90 min 
alter light-off on the long start. 

Vig. 51 shows the skin-metal temperature analysis for a plane 
through the center of the drum and normal to the drum axis. 
On the quick start the maximum difference of 50 F was 
reached 30 min after light-off, and a maximum of 75 F on the 
long start about 45 min after light-off, 

Fig. 53 is an analysis of the skin-metal temperatures taken to- 
ward the south end of the drum. In this plane a maximum skin- 
metal temperature difference of 50 F occurred at several 
different times on the quick start, and once at this same value 
on the long start. 

Fig. 54 shows an analysis of the manufacturer’s points Nos. 8 
and 7, the top and bottom temperatures, respectively, at the south 
weld line. On the same curve are shown two other couples also 
installed by the manufacturer; one, point No. 6, taken at the 


bottom and very close to the contact point of the drum sheet with 
the outboard side of the drum hanger, and the other, point No. 5, 
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several inches inboard of the hanger. The maximum difference 
of points Nos. 7 and 8 on the quick start was 35 F, occurring 
50 min after light-off, and on the long start 40 F, occurring 55 
min after light-off. Points Nos. 5 and 6 should not be com- 
pared with points Nos. 7 and & because they are located in differ 
ent planes some 3 ft from points Nos. 7 and 8. However, points 
Nos. 5 and 6, only a few inches apart, show a maximum tempera- 
ture difference on the, quick start of 145 F at the time the 
boiler went on the by-pass, and for some minutes after initial 
steaming. The reason for this relatively large divergence in 
temperature may be the result of proximity of point No. 5 to 
active risers, while point No. 6 may be cooled by rapid conduc- 
tion of heat away from the sheet by the heavy hanger. About 10 
min before the boiler went on the line during the long start, 
points Nos. 6 and 7 rose very rapidly and reached a maximum & 
min after the boiler went on the by-pass. From this maximum 
both points fell quite rapidly before resuming a gradually increas- 
ing temperature. During this period of rapid rise of points 
Nos. 6 and 7, no marked change in rate of temperature rise is 
shown by point No. 5, and the temperature difference between 
points Nos. 5 and 6 is only 50 F, compared with 145 F 
on the quick start. Further work has to be done to determine 
the cause of this behavior of the thermocouples in a region of the 
drum where the water may have been stagnant until momen- 
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tarily disturbed by some flow or pressure phenomenon not as vet 
understood. 

Figs. 55 and 56 were drawn to assist in analyzing drum top- 
metal temperatures in comparison with bottom temperatures 
along the drum length. The temperature scale has been magni- 
fied on these curves to clarify the changes in temperatures during 
the starting period. The greater the temperature difference top 
to bottom axially, the greater will be the thermal stresses tending 
to deflect the drum in « vertical plane. 

In the first 35 min of the 85-min start before the boiler begins 
and 12 show a continuous rise 


to steam, bottom points Nos. 3, 7, 
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aus me water in the boiler drum is heated, Fig. 55. 
1, 5, and 10 stay relatively constant at close 


in temperature 
The top points Nos. 
to light-off values until 2 
be generated, and condenses on the top, cold inner-skin 
drum surface, resulting in a high rate of heat transfer 
the water level, causing points Nos, 1, 5, and 10 to rise rapidly 
as the effect of this high heat-transfer rate is conducted through 
the drum wall and felt by the outer-skin couples. Note also that 
the rapid rise of these points begins before there is any pressure 
in the drum. 
in the air-vapor mixture on the inner-drum skin which is at a 
temperature temperature corresponding 
to the vapor partial pressure. 

Referring again to Fig. 55, about 45 min after initial firing the 
three top metal temperatures rise above the three bottom tem- 


5 min after firing when vapor starts to 
rises, 
above 


This is probably caused by condensing of the vapor 


below the saturation 


peratures and stay in this relative position all during the re- 
mainder of the start. 
after firing - 35 min after the boiler has been on the by-pass and 
drum pressure is 700 psig. The higher heat-transfer rate caused 
by steam condensing on the top inner skin of the drum, 
pared with the lower rate of transfer to the bottom skin of the 
drum from the relatively stagnant water, results in the top 
outer-skin-metal temperatures being closer to saturated tem- 
perature than the bottom by as much as 35 F 
If temperatures at locations 7N, 8N, 758, and 8S are disregarded 
for the moment, 
to bottom of the drum during the quick start were 50 F 

65 min after light-off. If the four end points are considered in 
the over-all top-to-bottom difference situation then the maxi- 
The same maximum respec- 
F, 


The six points reach the same value 2 hr 
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maximum metal-temperature differences top 


mum difference becomes 70 F. 
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Fig. 56. It can be stated therefore, from the foregoing data 
that drum stresses induced by temperature differences top to 
bottom, tending to deflect the drum upward at the center, are 
less in the quick start than in the long start. Thermal stresses 
tending to deflect the drum upward in a vertical plane during the 
start disappear when the top and bottom temperatures become 
It should be 
noted that this upward deflection from thermal stress opposes 


equal 35 min after the boiler is on the by-pass. 


the dead-load bending stresses so that net bending stresses during 
starting may be less than under steady-load conditions. 

Analysis made to greatly expanded scales of Figs. 55 and 56 
(not shown in the paper), in regard to the rise in temperature of 
the points along the top of the drum, show point No. 1 to re- 
spond first following firing, while some minutes elapse before 
points Nos. Points No. 8 at each ex- 
treme end of the drum do not start rising on either the quick 
or long starts until as much as 30 min after light-off in the quick 
start and 50 min after light-off in the long start. It is believed 
this time sequence of the starting of outer-skin-metal tempera- 
ture rise is evidence of vaporizing starting first at the drum center 
and then advancing both ways longitudinally toward the drum- 
heads. It is probably the speeding up of longitudinal propaga- 
tion of steaming along the drum length above the water line, 


5 and 10 begin to rise. 


and of steam and water circulation below the water level in the 
quick start which results in improved corollation of top and bot- 
This 


acceleration of axial steaming and of circulation below the water 


tom metal temperatures as compared with the long start. 


level is the result. of earlier water and steam circulation in the 
furnace waterwalls during the quick start. 

The conclusion from the foregoing analysis of drum-metal 
temperatures on boiler No. 100 at Hudson Avenue is that quick- 
starting results in drum stresses--both as to those which tend to 
distort the drum out-of-round in a plane normal to the longitu- 
dinal axis, and those which produce longitudinal bending in 
a vertical plane are equal to or less than those produced in a 
iong start. Another that the drum-metal tem- 
perature differentials at the extreme ends of the drum are 
greater than on the main working length, and that the drum-end 
condition during both short and long starts needs more attention 
from designers than has been given to date. 

East River Station-—Nos. 50 and 60 Boilers. In the drum- 
analysis work at Mast River Station, three bands of thermocouples 
were used along the main working length of the drum. The 
outer-skin temperatures which were obtained for the 59-min 
quick start on boiler No, 60 are shown in Fig. 57, and those on the 
242-min start on companion boiler No. 50 are shown in Fig. 58. 
The average rate of drum-water temperature rise was 390 F on 
the former and 100 F on the latter. 

The temperature analysis by planes, as given for the Hudson 
Avenue drum, is not presented for East River. However, if one 
is interested to plot such curves, the data are available from Figs. 


conclusion is 


57 and 58, and a brief review 
ture differences for the quick 


9 


shows that the maximum tempera- 
and long start, respectively, in the 
3, and 4 were 100 F and 100 F; 
in the plane of couples 5, 6, 7, and 9 were 80 F and 108 F; 
and in the plane of couples 10, 11, 12, and 13 were 100 F and 
120 F. It is evident, therefore, that the drum 
metal temperature differences on the quick start 


plane of couples Nos. 1, 


outer-skin- 
in any given 
plane through the active internal baffle section of the drum 
length 
so that stresses tending to warp the drum out of true circular 


are equal to or less than those obtained in the long start, 


form are no more, and in some cases less, than in the long start. 

As to stresses in the drum tending to deflect it upward as a 
result of higher axial metal-skin temperatures at the top than 
along the bottom, comparisons of temperatures at locations Nos. 


1, 5, and 10 with Nos. 3, 7, and 12 for the quick start versus the 
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long start show, respectively, a maximum difference of 96 F 
and 105 F. Thus the evidence shows that drum axial bend- 
ing stresses are not increased by quick-starting. 

As in the case of the Hudson Avenue No, 100 boiler quick 
and long starts, the rapid rise of skin temperatures along the top 
couples 1, 5, and 10, shortly after firing — occurs also on No. 60 
boiler at East River as a result of the condensing phenomenon 
The author wishes to note here that whereas eerly in this investi- 
gation there was a tendency toward charging unexplained metal- 
healthy 
regard for the thermocouple record is the case, and more mental 


temperature changes to couple idiosyncrasies, now a 


exercising is done to explain the reason for the recorded tem- 
perature values. For example, the rising of thermocouples 
Nos. 4, 6, 11, 12, and 13, followed by their rapid Gall in the long 
start may be the result of firing interruption and resumption, 
Fig. 22, at 40 min after initial firing. Points Nos. 1, 5, 9, and 10 
do not. fall along with points Nos. 4, 6, 11, 12, and 13 in Figs 
57 and 58, because evaporation at the drum water surface con- 
tinues during the firing interruption. 
of metal and water temperatures on the long start immediately 


The sudden fall and rise 


before synchronizing are due to a high rate of feed at this moment. 

The plot of drum-water temperature in Figs, 57 and 58 was 
the drain, 
Note that in both starts, although the firing rate was practically 


obtained from a thermocouple on water-column 
constant, there is a marked slowing down in rate of rise of drum- 
water temperature beginning at about 30 min after firing on the 
quick start and at about 130 min after firing on the long start. 
It is thought this may be caused by the water contained in the 
rear wall of the last pass beginning to circulate and introducing 
relatively cold water into the drum. The resumption of satu- 
ration-temperature rise to its original rate does not occur until this 
mass of water has been heated up to saturation temperature of 
the main boiler circuit. If reference is made to the saturation 
temperature-rise curves on the Hudson Avenue No. 100 boiler, 
it will be noted that this change in rate of rise is not present on 
either the quick or long start. Further, it will be noted that the 
entire tube-wall construction around the last pass of the latter 
boiler is steam-cooled and not water-cooled. This design com- 
parison of the two boilers and the relative constancy of their 
rates of saturation-temperature rise tends to give the theory 
some support. 

In Figs. 57 and 58 the drum-water temperature during the 
early period of each start is below the temperature of the top 
outer-skin thermocouples. If accurate pressures had been availa- 
ble in this operating range, as they were later on in the 60-min 
start in Fig. 60, it is believed saturation temperature would have 
been considerably above the metal temperatures recorded by 
points Nos. 1, 5, and 10. 
of the method of obtaining drum-water temperature, but the 
author inclines toward the opinion that there can exist a con- 


There is a question as to the accuracy 


siderable difference early in the start-—between the temperature 
of the water deep below the surface and saturation temperature 
in the steam space. 

At about the time the East River Nos. 50 and 60 boilers starting 
tests were under way, it was realized that if accelerated starts did 
introduce any additional drum stresses above those induced by 
long starts, these stresses probably would develop early in the 
start in the long extension of the drum on either end beyond the 
internal collecting baffles and where there is probably little or no 
circulation. Therefore thirteen couples were peened into the 
surface of one of the No. 60 boiler heads and its large downceomer 
and a record of temperatures obtained on the 59-min start (see 
Fig. 59 for location of couples and temperature record). Points 
Nos. 1, 2, 3, and 4 are in the circumferential weld and points 
Nos. 5, 6, 7, 8 are located 1 ft outboard of the weld. Pointa Nos, 
11 to 14, inclusive, are in the downcomer line at a section where 
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the wall thickness is 1°/;, in. as compared with the 4'/,-in. 
thickness of the headplate. The maximum temperature differ 
ence during the 59-min start was 100 F between points Nos. 
3and5. Therefore the drumhead stresses during quick starting 
on this boiler are within the criteria of Savoye.? 

In Fig. 59 the thermocouple record of outer-skin-metal tem- 
peratures and their relation to the drum-water temperature 
thermocouple on the water-column drain line perhaps may be 
explained as follows: Points Nos. 11, 12, 13, and 14 on the down- 
comer, in the time period between 15 and 30 min after light-off, 
rise at a faster rate than points Nos. 1 and 5 in the steam space, 
in spite of the higher transfer rate adjacent to the inner skin 
at the latter two points, because of the higher conductance of the 
relatively thin downcomer-pipe wall. The thickness at the ther- 
mocouple locations in the downcomer pipe is 1°/\5 in., compared 
with the drumhead plate thickness of 4'/, in. The fact that 
points Nos. 11, 12, 13, and 14, after 32 min from light-off, rise 
above drum-water temperature and remain in this relative posi- 
tion until close to synchronizing time, indicates either that the 
method of measuring drum-water temperature errs on the low 
side, or if it is a correct measurement, the major portion of water 
passing into the downcomer during the starting period is coming 
from the upper layers of drum water which may be at a higher 
temperature than the water at the elevation of the drum water- 
column lower connection. The rise of the outer-skin couples 
Nos. 1 and 5 does not show as great a rate-of-rise increase as do top 
drum couples Nos, 1, 5, and 10, Fig. 57, which are located length- 
wise within the confines of the collecting baffle. This may be due 
to the relatively late-in-the-start vaporizing from the water sur- 
face at the drum extreme ends and also to some longitudinal 
conductance of heat away from the couple locations into the large 
relatively cold mass of drum-head metal. Note that in 1'/, hr 
after light-off, or in 30 min after synchronizing, all of the fourteen 
couples on the drumhead and downcomer are within a 10 F 
band. 

After the author had failed 
range difficulties-—to obtain test data on variation in metal tem- 
peratures at various depths in a feedwater-heater channel wall 
8 in. thick, versus rate-of-water-temperature rise, which would 
have been valuable data for stress analysis in the boiler-drum 
sheet in contact with the water, the boiler manufacturer sug- 
gested that drillings be made and depth thermocouples be in- 
stalled in the East River No. 50 boiler-drum plate as shown in 
Fig. 60. 
high-speed temperature recorder which scans 16 points in 64 sec, 
so that the three points in each set were recorded in 12 sec 
or from a practical standpoint—simultaneously. The drum- 
water temperature was obtained by a thermocouple on the water- 
column drain. The saturated-steam temperature on the quick 
start was obtained from indicated pressures on a set of gages 
connected to the drum, consisting of a mercury U-tube and three 
calibrated test. gages, with ranges of 0-100 psi, 0-400 psi, and 0 
3000 psi. The pressure readings were synchronized with the 
temperature readings by sweep-second hand clocks. 

Three starts were made on No. 50 boiler after the drilling had 
been done and the depth thermocouples installed. Of the three, 
Fig. 60 shows the temperature differential across the drum wall 
for two of these starts. It is important that the reader should 
appreciate that the 60-min start on No. 50 boiler is a different 
start from the 59-min start on No. 60 boiler which already has 
been discussed relative to drum and drumhead outer-skin-metal 


because of operating temperature- 


The readings of the nine couples were recorded on a 


temperatures, Figs. 57 and 50 

On the quick start in Fig. 60, during which the rate of saturation- 
temperature rise was 340 F per hr, the maximum temperature 
gradient in the plate in contact with the steam space was 61 F 
at the center of the drum, and occurred 20 min after firing when 


the internal pressure was 30 psig. This maximum drum plate- 
temperature gradient was followed by another maximum gradient, 
also in the plate in contact with the steam space of 55 F 
at the top-end group of couples 40 min after firing when the drum 
Several observations are suggested by 
in which latter 


pressure was 205 psig. 
these —and similar results on the long start 
the early maximum metal-temperature differences across the 
plate in contact with the steam space were 64 F when the 
rate of saturation-temperature rise was 130 F per hr. The first 
is that the maximum gradients in the drum sheet in contact with 
the steam space occur early in the start and are independent of 
rate of temperature rise and presumably are due to the high trans- 
fer rate at the top inner skin caused by condensing vapors. The 
second observation is that the first. maximum gradient precedes 
the second maximum gradient in the plate in contact with the 
steam space by 20 min in the quick start, and may be due to the 
sequence of steaming in the drum from the centers out toward 
the ends, a theory already discussed. A third observation is the 
delay, and then an abrupt rise in temperature difference across 
the drum wall which is in contact with the steam space. The 
delaying action may be the result of condensing on the top inner- 
drum skin of the vapor in the air-vapor mixture at a partial 
pressure which is below atmospheric. The amount of heat given 
up to metal by the condensing vapors at subatmospheric pressures 
at the start is not sufficient to cause a temperature gradient in the 
metal of more than a few degrees. The sudden increase in tem- 
perature difference probably occurs when appreciable amounts 
of steam start to be generated and condense on the upper-drum 
inner surfaces. It would appear from the theory cited, that the 
recorded drum-water temperature of 150 F to 180 F on the long 


start -when the top-end and center-plate gradients are maxi- 
mum—must be reading approximately 50 F below saturation 
temperature. It was unfortunate that, during the long start, 


an accurate low-range pressure setup, similar to that used in the 
60-min start, was not available for use in obtaining the saturated- 
steam temperature. 

No explanation can be suggested for the maximum gradient on 
the long start of 79 F which occurred at the top drum end 138 
min after light-off. This high metal-temperature difference was 
caused by rapid and large temperature changes of couple No. 4 
located 4 °/y in. into the wall from the outer skin, while the couple 
which is 3!*/, in. in the wall, and the skin couple, showed only 
gradually increasing values. Temperature surveys of riser tubes 
and the economizer inlet pipe, which enter the drum in the vicin- 
ity of this group of couples, did not reveal the cause for the tem- 
perature swings, so that, for the present, the 70 F maximum 
gradient of couples Nos. 4 to 6 is being attributed to momentary 
couple failure. 

The curve of metal-temperature difference across the drum 
plate, at the top west end in Fig. 60, shows the differential faliing 
39 min after light-off in the long start. Its fall, however, is 
arrested at 45 min after light-off and it rises quickly to a second 
peak at 58 F at 65 min after light-off. The answer to this 
change, in metal-temperature differences, is found in Fig. 22. 
The sudden decrease, followed by the sudden increase, in firing 
rate and gas temperature at 40 min after light-off, while not 
responsible for the fall in drum-plate-metal temperature differ 
ential, was responsible for the increase in metal-temperature 
gradient by increasing condensing action suddenly at thermo- 
couple point No. 4. The condensing action did not occur at the 
drum top center, because by this time, the center top inner-drum 
plate-metal temperature was too high for condensing action to 
take place. 

While drum-wall temperature gradients above the water level 
are shown to be independent of rate of temperature rise during the 
start, the same is not true of the drum wall below the water level, 
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as shown by comparison of the bottom end group of couples 
during the quick and long starts, Fig. 60. On the former, the 
maximum gradient was 70 F, occurring 38 min after light-off 
when drum pressure was 180 psig and coincident with maximum 
wall gradient of 55 F at the set of couples Nos. 4 to 6 directly 
above. On the long start, the maximum gradient was only 16 
occurring main after light-off when drum pressure was 
120 psig. 

It should be noted that. in the quick start when the unit was 
s\nehronized, the pressure rise in the immediately following 10 
min was negligible, and the metal-temperature drop across the 
drum walls continued to decrease, until the rate of firing and 
drum pressure increased very sharply. In both starts, the differ- 
ential rises quickly at the time of rapid pressure increase follow- 
ing synchronizing. From expanded scales of these curves 
not shown in the paper the value of metal-temperature differ- 
ence across the drum wall is extremely sensitive to change in rate 
of rise, 

Fig. 61 shows the relation of saturation temperature to the 
temperature of the deeply embedded couples Nos. 1, 4, and 7 
These maximum differences seem to occur several minutes earlier 
than the maximum metal differences in the walls in contact with 
the steam space, It is felt that the curve of the west-end bottom 
does not have much significance, because a lower water tempera- 
ture at the drum inner-bottom skin probably governs the action 
ot couple No. 7, rather than saturated temperature. 

Fig. 62 shows the curvilinear relation of metal temperature, 
through the drum-wall thickness at each set of couples, at the 
moment they were registering maximum metal-temperature 
difference across the drum plate. Note the variation in tempera- 
ture drop in the film adjacent to the inner skin in the three cases: 
From a low value of 8 F, at the drum top center, where con- 
densing and only radial conductance are centrolling, to 28 F 
at the drum-end top center, where condensing vapor is the heating 
medium, but longitudinal conductance into the cold large mass 
of the head plate is present, along with radial conduction — and 
finally to 20 Foor 50 F at the drum-end bottom center, 
depending on whether or not the drum water adjacent to the 
bottom skin is at the water-column drain or saturation tempera- 
ture, respectivels It is of interest to note in Fig. 62 that the 
rate of metal-temperature drop per unit of drum-plate thickness 
varies through the drum plate and is maximum at the inner skin 
and minimum at the outer skin, In terms of thermal tangential 
stress, this is interpreted to mean there exists a higher magnitude 
of compression stress at the inner skin than of tension stress at 
the outer skin. The pressure stress is subtractive to the former 
and additive to the latter. However, when maximum thermal 
stress occurs, pressure stresses are negligible. Therefore it is 
possible that greater net compressive stress than tension stress 
exists in the drum plate at the time of these maximum metal- 
temperature differences. 

To sum up the bumediately preceding discussion on metal- 
temperature differences in boiler-drum walls, with varying rates 
of rise of saturation-steam temperature, the evidence shows that 
the metal-temperature differentials across the drum plate, in 
contact with the steam space and, therefore, the thermal stresses 
induced by them. reach the same maximum, independent of 
length of starting time: also, that metal-temperature gradient 
across the drum wall in contact with the water, is a direct func- 
tion of length of starting time, assuming that all starting is done 
with a uniform increase of saturation temperature. It appears, 
however, that the magnitude on quick-starting of the drum- 
plate temperature gradient below the water line is of the same 
order of magnitude as the maximum metal-temperature differ- 
ential in the drum plate, in contact with steam space during slow- 
starting, and which has always existed during vears of slow-start- 
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ing. The conclusion, therefore, is drawn that quick-starting 
does not result in excessive drum-plate tangential stresses 

While not a part of the drum discussion, Fig. 63 is included 
because it presents interesting data on waterwall circulation and 
provides more information on the subject of quick versus long- 
starting of large high-pressure boilers. When No. 60 boiler was 
being installed, Consolidated Edison had been having some 
trouble with waterwalls of other boilers. To determine stability 
of circulation in the waterwalls of the new Nos. 50 and 60 boilers, 
an installation of thermocouples and permanent recorders was 
made, Advantage was taken of this installation during the 
starting tests, and the still intact circuits of twelve thermocouples 
were put into service. The locations of the couples are indicated 
in Fig. 3. To show the record of all the couples would have 
resulted in too closely-spaced lines and a confusing crossing of 
lines, so that only the upper and lower lines of the band of the 
twelve-couple record were drawn, indicating which of the couples 
were outlining the band width. It is believed that the establish 
ment of uniform circulation in the walls in the quick start oceurs 
35 min after light-off when the bandwidth became 50 F 
while on the long start, a corresponding state of circulation (50 I 
band width) was not established until more than 200 min of 
firing had passed. It should be noted also, that before the estab- 
lishment of circulation, the maximian value of waterwall-tube 
metal temperature was 420 F, and was the same for both starts 

Waterside Station No. 90 Boiler. The starting tests on 
No. 90 boiler at Waterside were conducted with relatively few 
couples in the top rear drum, there being only one circumfer 
ential band of four couples at the center, and one couple on the 
horizontal center line some 15 ft on either side of the center, 
Fig. 64. The rate of drum-water temperature rise, on the 90 
min start, was higher than necessary in the early period, as men- 
tioned previously in the Superheater section, The rate in 
the period between 10 and 20 min after light-off was 1000 F 
per hr. However, even with this high rate of drum-water 
heating, over-all metal temperatures were not more than 60 
F apart, Later information on Sherman Creek No. 100 boiler, 
which included drumhead temperatures, showed the abridged 
data on No. 90 to be misleading, because of the absence of couples 
at the drumheads. A comparison of maximum metal-tempera- 
ture differences between Fig. 64 far the quick start, and Fig. 65 
for the long start, shows the former to be only 10 F greater 
than the latter. 
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~The changes in rate of rise of drum-water temperature which 
vere obtained from a thermocouple on the drum continuous-blow- 
down line reflect changes in rate of firing. 

Sherman Creek Station —No. 100 Boiler. As the investigation 
progressed and it was realized that the end of the drum sheet 
and the head plate were the parts of the drum most likely to show 
greatest. differences in metal temperatures during starting, the 
drums of No. 100 boiler at Sherman Creek were subjected to a 
much more complete temperature survey than those of No. 90 
at Waterside. While the upper front and rear drums were the 
subject of the Consolidated Edison investigation, the manufac- 
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turer suggested a simultaneous temperature survey of the lower 
36-in. drum. 

Fig. 66 shows outer-skin-metal temperatures during a 90-min 
start on the 60-in. top rear drum at the quarter points of three 
different planes normal to the drum axis, together with saturation 
temperature which was computed from pressures read on operat- 
ing gages. Maximum metal-temperature differences, between all 
drum outer-skin points, were 190 F to 200 F on the quick 
start during the last 20 min of the start, compared with a maxi- 
mum difference of 150 F on the 340-min-start 140 min after 
light-off, Fig. 71. If the drum sheet end bottom temperatures 
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are not included in the comparison, then the maximum differences — is a sizable difference in tangential stresses, In addition, it should 
for quick and long starts are reduced to 140 F and 100 F, — be noted that the drum pressure is approaching 1000 psig, on the 
respectively. When maximum metal-temperature differences, quick start, when the end-plane temperature difference and stress 
top to bottom, for the three planes normal to the drum axis for are highest. With the drum-end, top-to-bottom temperature 
the short and long starts are examined, they are found to be, spread shown to exist at the drum ends on all starts, the manu- 
respectively, 190 F and 125 F for couples Nos. 1, 2, 8, 9;  facturer has suggested an internal baffle change which will be in- 
75 F and 90 F for couples Nos. 3, 4, 5, 6, 7, 10; 180 F © stalled and tried in the near future. 

and 120 F for couples Nos. 12, 13, 14, 15. The data, therefore, Comparing the drum center-plane couple differences in the No. 
show that in the center plane there is little difference between 90 boiler Waterside 90-min quick start, Fig. 64, with the drum 
both starts, in regard to tangential stresses, but in the planes atthe — middle-plane temperatures on the 90-min quick start on No. 100 
drum-sheet ends, outboard of the internal collecting baffle, there — boiler Sherman Creek, Fig. 66, the maximum spread of metal- 
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temperature difference on the former is only 30°F, compared 
with the latter of 75 F. The Waterside start was made with 
pulverized fuel, firing from all four bottom burners simultaneously 
while the Sherman Creek start was made, firing with oil from one 
corner only, The unbalanced firing, in the latter start, may ac- 
Also, in 
comparing the two 90-min starts, the rates of heating were quite 
different. 

Further starts are to be made on the Sherman Creek boiler 


count for the greater spread in drum temperatures. 


with simultaneous firing from all four corners and with a more 
uniform rate of rise over the starting period. These design and 
operating-procedure changes are expected to result in considera- 
bly lower drum-plate temperature differences. 

Drum-bending comparisons between the quick and long starts 
due to temperature differences top to bottom and lengthwise of 
the drum cannot be made because couples were not installed in- 
board of the extreme ends of the drum internal baffling. Further 
starts will incorporate this additional information. 

The drum-water-temperature curve in Fig. 71 for the long 
start was obtained from a thermocouple on the drum continuous- 
blowdown line at a point close to the drum. The rise and fall of 
the temperature by this thermocouple synchronize with the rise 
and fall of the gas temperature, as shown in Fig. 39, and are the 
result of intermittent firing. It would appear again in the case 
of this boiler, as it did on East River Nos. 50 and 60 boilers, that 
early in the start the drum-water temperature, at layers deep 
below the water surface, is considerably lower than saturation 
temperature. Apparently from the curve of point No. 11, which 
is on a saturated-steam offtake from the drum, the boiler is 
steaming at 70 min after light-off, although the operating pressure 
gage does not show pressure. If the pressure is correct, then the 
temperature shown by point No. 11 is being influenced by fur- 
nace gases leaving the boiler, The peak values of drum-water 
temperature, which rise above saturation temperature at 210, 
240, 310, and 335 min after light-off, as shown by point No. 11, 
are unexplained, 

Fig. 67 shows the thermocouple outer-skin-metal temperature 
survey on the upper front 54-in. drum. The data were obtained 
only on the quick start. Saturation temperature corresponds to 
pressures shown by the operating gages. In general, the data 
show more uniform temperature conditions on this drum than on 


Maximum temperature differences in the 


the larger 60-in. drum. 
planes of the three bands of couples show, for couples Nos, 1, 2,3, 
1,70 F; for couples Nos. 13, 15, 16, 65 F; and for couples 
Nos. 8, 9, 10, 11, 65 F. One of the reasons for the more uni 


form temperature conditions is the fact that this drum has more 


than 2 ft less overhang than the 60-in. drum has bevond the 
active steam-generating tubing 

As to bending stresses caused by difference in metal tempera- 
ture between top and bottom along the drum length, it would 
appear that 40 min after light-off, when peint No. 13 is over 
100 F higher than points Nos. 1 and 8, there might be high 
bending forces, but, because points Nos. 3, 10, and 16 are only 
60 F lower than point No. 13, it would seem that points 
Nos. | and 8 are representative of local conditions of the drum 
metal in contact with the steam space outboard of the active 
drum length. Further testing will be done with additional 
couples to obtain more data on this drum detail. 

Analysis of the action of some of the thermocouple points in 
Fig. 67 shows that point No. 13 must be subjected to the high 
transfer rate from condensation, beginning 23 min after light-off, 
because of its rapid rise. Points Nos. 1 and 8, because of their 
slow and constant rate of rise up to 50 min after light-off, ap- 
parently are receiving heat by circumferential conduction through 
the drum plate and no condensing action occurs. This may be 
due to delayed steaming in the end, until 50 min after light-off 
when both points rise very rapidly as the firing rate increases. 
If the firing rate had been uniform throughout. the start, points 
Nos. 5 and 8 probably would have risen very rapidly a few 
minutes after point No. 13 started to increase rapidly. 

Fig. 68 shows the results of the metal-temperature survey 
of the 36-in. mud drum for the 90-min start. The same data are 
not available for the long start. This drum is the shortest one 
of the three and its ends do not project beyond the limit of the 
outer line of the side wall. Very uniform metal-temperature 
conditions were obtained on this drum as would be expected of a 
flooded drum with heads close to active steam and water-tube 
connections. The maximum difference between all metal tem- 
peratures at any time during the start did not exceed 50 F. 
The drum-water temperature obtained by thermocouple on the 
blowdown line of the 36-in. drum appears to indicate that cir- 
culation between the three drums did not start until 20 min 
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after firing. The heating of the drum between 15 and 20 min after 
light-off apparently was external by furnace gases. 

Figs. 69 and 72 show the analysis of drum sheet-end and head- 
plate temperatures for the short and long starts, respectively. 
Maximum metal-temperature differences from top to bottom for 
the quick and long starts are 235 F* and 140 F at 77 and 
150 min, respectively, after light-off. In both cases, thermo- 
couples Nos. 21 and 27 determine the maximum. If couple No. 27 
is discounted because of being on a 1-in-thicker sheet than couple 
No. 21, then the top-to-bottom comparison is made between 
couple No, 21 and No. 23 and the maximum differences become 


‘Just as this portion of the paper was being written, the report 
came in of a 90-min start-from-cold test on No. 100 boiler at Sherman 
Creek Station, on November 10, 1952, during which it was fired by 
oil from all four corners continuously and after a baffle change had 
been made the preceding week end which isolated the four extreme- 
end downcomers on the drum so that they could draw water from 
only the drumhead plate area. With these operating and design 
changes, the maximum metal temperature difference top to bottom of 
the drum, as given by couples Nos. 21 and 27, was reduced from 235 to 
145 F. 
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200 F and 115 F, respectively, It is expected, as men- 
tioned previously, that internal baffle changes will raise the 
bottom outer-skin-metal temperature and thus bring closer 


relationship between drum-end and head, top and bottom metal 
temperatures, It is evident from Figs. 69 and 72, that the drum- 
plate-end and the drum-head plate metal temperature differences 
top to bottom would be within 100 deg F in both the quick and 
long starts, if the temperature of the bottom points Nos. 23 and 27 
could be brought up to those of point No. 19. The determination 
of tangential stresses set up by different top and bottom drum- 
plate-metal temperatures docs not offer a simple solution. In 
their discussion of the paper it is hoped that the manufacturers 
will clarify this subject. 

Figs. 70 and 73 show the result of a temperature survey made 
on both quick and long starts of the drumhead plate and rein- 
forcing collar adjacent to the manhole. The purpose of the sur- 
vey was to determine whether or not this heavy mass of metal 
becomes overstressed in quick-starting as a result of metal-tem- 
perature differences across its 9-in. thickness. During the long 
start, the outer face of the collar, which is flush with the outer 
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surface of the drumhead-plate insulation, was uninsulated as was 
also the bore of the hole and the manhole plate. In the quick 
start, all of the exposed metal surfaces mentioned were covered 
with a heavy layer of insulation. This step was taken as a pre- 
cautionary measure and also to see if the insulated condition 
would result in metal temperature differences on the quick start 
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comparable to the differences obtained under an exposed metal 
condition on the long start. 

Maximum axial metal-temperature differences along the bore of 
the opening for the quick and long starts were 180 F and 115 
F, oceurring 70 min and 130 min, respectively, after light-off 
The manufacturer has reported that stress-analysis work done on 
the basis of the data in Figs, 70 and 73 shows the metal not to be 
stressed above allowable code values, However, now that quick 
starting of boilers is definitely a part of future operating proce- 
dures, it would seem appropriate that current head designs should 
be reviewed with such operation in mind and perhaps the heavier- 
wall spherical head without a manhole reinforcement might 
prove to be a preferable design to the thinner flat-head-plate con- 
struction with a heavy manhole reinforcement or, perhaps metal- 
temperature differences could be reduced in the thin flat head 
construction by attaching the reinforcement collar on the inside 
of the drumhead plate rather than the current practice of placing 
it on the outside. 

Figs. 74 and 75 show the results obtained during a 90-min 
start from three groups of thermocouples located at various points 
on the drum, and depths in the drum wall as indicated in the in- 
sert diagram, Fig. 74. These same data are not available fora 
long start. Drum-water temperature was obtained from a ther- 
mocouple on the continuous-blowdown line, and saturation 
temperature is based on pressures from a mercury U-tube and 
three calibrated gages of various ranges as described for East 
River No. 50 start. Of the two sets of couples on the top of the 
drum where heating is either by condensation, steam, or conduc- 
tion, it is seen that there are two instances of coincident peak 
readings of temperature differences between the deep couple 
and the outer surface couple for both groups. The first instance 
occurs at 20 min after light-off and the second instance 70 min 
after light-off. From a tangential-stress standpoint the second 
set determined maximum tension in the outer skin, because at 
this time of maximum temperature drop across the plate the 
drum pressure was 500 psig whereas in the early peak of metal- 
temperature drop the pressure was only 30 psig. A computation 
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of both thermal and pressure tangential «treases shows the drum 
metal to be within allowable stress under these momentary con- 
ditions. The double peak on thie quick start ix aecounted for by 
the two distinet, and separate, and relatively high rates of water 
temperature rise, while the single peak of drum-wall temperature 
drop experienced at E. KR. No. boiler (eee Fig, is due to a 
relatively constant rate of rise of water temperature throughout 
the latter «tart. Thus ie demonstrated the principle that a con 
stant rate of temperature increase during #tarting ia better for the 
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equipment than a sharply changing temperature rate of increase 
even when the average rate is equal to that of the constant-rate- 
of-temperature-rise start. 

It is unfortunate that the drum-metal deep couple which is 
subjected to water heating was out of commission until 70 min 
after firing. When this couple did record, the temperature 
differences between it and the skin couple reached a maximum 
of 82 F at 100 min after initial firing or 10 min after synchro- 
nizing. 

Even this reading is doubtful because in Fig. 75 it does not 
correlate well with the skin couple No. 7 and couple No. 11. 
However, even if the drum-metal temperature drop were 143 deg 
F, as indicated in Fig. 75, the total tangential stress due to metal 
temperature and pressure would have been within the allowable 
stress, 

Fig. 75 shows the temperature conditions existing through 
the thick drum plate at the time the skin and the deepest couples 
were showing maximum metal-temperature differences. For 
the two groups of couples in the drum plate which is in contact 
with the steam space, the top end couples show a minimum tem- 
perature drop on the layer adjacent to the inner skin of 29 F, 
while the top center couples show a temperature drop in the film 
adjacent to the inner skin of 70 F. It would appear, there- 
fore, and particularly in the latter case, that because of the large 
drop in the film, the heating at this time is not by condensation 
but by the lower transfer rate of saturated steam to metal. 

The Sherman Creek No. 100 boiler-drum metal-temperature 
data during a 90-min quick start from cold can be summed up 
by saying (a) that the drum tangential thermal and pressure 
stresses and manhole reinforcement-plate stresses are within 
allowable limits; (6) bending stresses in the drum are about 
the same as on slow starts but more confirming data are needed; 
and (c) tangential stresses at the extreme ends of the plate should 
be lowered, if possible, by internal baffle changes. If this means 
should fail, circulation at the drum end might be induced by 
small water eductors fixed at the drum-end bottom and operated 
from the unit feed pumps. 

Hell Gate Station—-No. 11 Boiler. Fig. 76 gives the result of a 
survey of the No. 11 Babcock & Wilcox boiler 72-in. drum outer- 
skin-metal temperatures during a 59-min start from cold. The 
saturation temperature shown corresponds to the drum-pressure 
curve which is obtained from an operating gage. 

Fig. 78 shows the same survey made during a 256-min start. 
Considering maximum metal-temperature differences top to 
bottom of the drum in the three planes of thermocouples shown in 
the insert sketch, the following results were obtained on the quick 
and long starts, respectively. For couples Nos. 1, 2, 3, 4, 90 F 
and 100 F at 30 min and 75 min after firing; for couples Nos. 5, 
6, 7, 8, 9, 90 F and 100 F at 27 min and 75 min after firing; 
for couples Nos. 10, 11, 12, 13, 75 F and 100 F at 29 min and 
75 min after firing. It then can be seen in the case of the 
working length of the drum, i.e., the longitudinal part of the drum 
contained within the length of the internal collecting baffle, 
that the maximum difference between the outer-skin top and bot- 
tom metal temperatures was less for the short than for the long 
start. Therefore tangential stresses were less on the quick than 
on the long start. 

As to bending stresses in the drum working length, a compari- 
son of points Nos. 1, 5, 10 with 4, 8, and 13 shows the maximum 
average difference of the six points to be 80 F at 30 min after 
light-off on the quick start and 100 F at 75 min after light-off 
in the long start. Therefore bending stresses in the quick start 
are less than those in the long start. 

Among the points of interest in Figs. 76 and 78 are the follow- 


ing: (1) The typical faster rate of rise of the couples along the 
top of the drum as compared with those along the bottom —-due 
to the higher transfer rates of condensation as mentioned pre- 
viously. (2) As the condensing transfer rate slows at the inner 
skin, the top and bottom metal-temperature curves converge at 
about 40 min after light-off for the quick start. This slowing 
of transfer rate also may be influenced by the next observation. 
(3) Although the gas temperature entering the convection pass in 
the quick start is constant from 20 to 60 min after light-off, 
Fig. 46, there is a marked change in the saturation-temperature 
curve 25 min after light-off, at which time the rate of rise changes 
from 560 F per hr to zero and remains at this latter rate for 12 min 
before resuming a rate of riseof 255 F perhour. The only explana- 
tion the author can offer for this action of the boiler is that, during 
this particular quick start, gas temperature and water levels 
were such that the large rear waterwall of the convection pass 
did not start to circulate until 25 min after light-off when cir- 
culation began and introduced a large relatively cool mass of 
water into the drum. The temperature then re- 
mained constant until the rear-wall water was raised to the tem- 


saturation 


perature of the main body of the circulating water and steam. 
(4) That the same action of the boiler in regard to rate of 
saturation-temperature rise, as just reviewed for the quick start, 
also is present during a long start. In Fig. 78 the change in 
rate of saturation-temperature rise is not as abrupt asin Fig. 76 
but in the former the effect is clouded by changes in rate of 
firing and in gas temperatures entering the convection pass. 

Figs. 77 and 79 show the metal-temperature results obtained 
on the drumhead plate and downcomer during the quick and 
long starts, respectively. On the former, the maximum metal- 
temperature difference top to bottom is between points Nos. | and 
3 on the weld line, and reaches a peak value of 200 deg at 32 min 
after light-off. The same points control the maximum metal- 
temperature difference top to bottom for the long start, and in 
the latter case the difference reaches a maximum value of 140 
F at 75 min after light-off, remains at this value for a period of 
50 min, and then begins to decrease very gradually, It should be 
noted that on the quick start the temperature difference was 
above a value of 140 F, the maximum during the long 
start, for a period of only 28 min between 20 and 48 min after 
light-off. 

The manufacturer has indicated from a preliminary review that 
stress conditions were satisfactory with the 200 F metal- 
temperature difference between the top and bottom of the drum- 
sheet end and head plate at the pressure of 262 psig existing at the 
time. The author looks forward to a further review of this im- 
portant consideration during this manufacturer's discussion. 

In the quick start, points Nos. 11, 12, 13, and i4 are above 
points Nos. 3, 7, 16 early in the start due to the thinner wall and 
higher conductance of the downcomer as compared with the head 
plate. Point No. 7 is higher than point No. 3, probably because 
of better conductance at point No. 7 where the plate is 3 in. 
thick, compared with point No. 3 where the plate is 3'/,. in. 
thick. 

The boiler was removed from service recently over a week end 
for a joint inspection with the manufacturer to determine possible 
causes for the low bottom drum metal temperature at the ex- 
treme ends and to make a minor baffle change. No mill scale was 
found but there was about a '/:-in. layer of soft deposits in the 
bottom between the end of the collecting baffle and the down- 
comer openings, indicating stagnation at this area. To improve 
circulation a 2-slot opening was cut in the collecting-baffle-end 
vertical closure plate adjacent to the drum-bottom inner skin. 


Each slot was 3 in. long circumferentially and */; in. deep radially. 
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Both slotted openings at their inner ends joined an existing semi- 
circular baffle drain hole of 2 in. diam. 

Following the baffle change, a quick start of 51 min duration 
was made, The drum-metal-temperature survey was conducted 
with all of the couples of the previous 59-min start plus three 
groups of couples which included depth couples. 

The results of drummetal temperatures in the working length 
of the internal cellecting baffle, together with saturation tempera- 
ture, are shown in Fig. 80. The saturation-temperature curve 
was obtained by conversion from pressure shown by a mereury 
U-tube and calibrated gages of various ranges. Perhaps the 
higher firing rate was sufficient to induce circulation in the rear 
wall of the convection pass shortly after light-off, resulting in an 
initial lower rate of temperature rise than in the 5%-min start 
because a greater mass of water was circulating and being heated 
at this stage in the former than in the latter. However, the aver- 
age rate of rise during the over-all 51-min start was 350 F per 
br compared with 280 F per hr on the 59-min start. The greater 
uniformity of water-temperature rise in the 51-min start resulted 
in maximum outer-drum skin-metal temperature 
differences between top and bottom as follows: For couples 
Nos. 1, 2,3, 4, from 90 F to 65 F; for couples Nos, 5, 6, 7, 8, 
9 from 90 F to 60 F; and for couples Nos. 10, 11, 12, 13 from 75 
F to 60 F. 

Fig. 81 shows the results of the thermocouple record on the 
drumhead plate and adjacent drum Unfortunately, 
thermocouple No. 3 used in Fig. 77 failed at the very beginning 
of this start, so that, for the purpose of comparison with the 59- 
min start, No. 9 skin couple in Fig. 82 was assigned No. 15 and 
used in Fig. 81. Maximum difference of the drum end plate 
top to bottom during the 51-min start is indicated by couples Nos. 
and the maximum value 23 min 
after firing, compared with 200 F, 32 min after light-off on 
the 59-min start in Fig. 77. The author inclines toward the 
opinion that the accelerated rear-wall circulation in the 51-min 
start was the reason for smaller difference of drum-end metal 
temperature rather than the cutting of the small openings in the 
drum baffle. 

Fig. 82 shows the metal-temperature gradients across the drum 
plate as measured by the difference of the couples adjacent to the 
inner skin and the couples on the outer surface. The maximum 
temperature drop across the drum pty in contact with the steam 
was 45 F at the center and 50 F at the end, and both 
sarly in the start, the former 14 min after light-off 
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with a drum pressure of 40 psig and the latter 17'). min with a 
drum pressure of 50 psig. Tangential stresses produced by 
the combination of these conditions are less than under normal 
drum full-load operating The 
temperature drop across the drum plate in contact with the water 
was 41 F and occurred 45 min after firing when drum pres- 
sure was 425 psig or 40 per cent of full-load pressure. Tangential 
stress conditions due to the combination of a drum-plate-metal 


conditions. maximum metal- 


temperature gradient of 41 F, or 73 F when projected to the 
inner skin as shown in Fig. 83, together 
of 425 psig, result in inner-skin tangential stresses on the order 
of 1000 psi and outer-skin tangential stresses of 5000 psi. These 


types of stresses, caused by sudden temperature differences across 


with a drum pressure 


i evlinder, have been treated by Dahl.® 

Fig. 83 shows the variation of metal temperature 
the drum-wall thickness at the 
temperature drop across the plate for each of the three thermo- 
to similar data 


through 
moment of maximum metal- 
couple groups. In this instance--and contrary 
obtained on East River No, 50 drum, Fig. 60, and in the Sherman 
Creek No. 100 drum, Fig. 75— there is close agreement between 
the three couples in the temperature drop per inch of metal ad- 
jacent to the inner skin and also on the film drop adjacent to the 
inner skin. 

To sum up the Hell Gate No. 11 boiler drum-metal-temperature 
data, the investigation has proved that all stresses during quick- 
starting on this boiler are less than during long starts exeept for 
tangential stresses due to temperature differences between top and 


bottom of the drum-sheet end and the head plate. Here, while 
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the manufacturer has made a preliminary statement that the 
stresses are satisfactory, it is expected that difference of tempera- 
ture top to bottom can be lessened with improved circulation 
resulting from future minor internal changes. 

Conclusion of Drum Investigation. To sum up this drum- 
metal-temperature investigation, it can be stated that quick- 
starting of existing large high-pressure boilers from a cold con- 
dition results in drum stresses which are equal to or less than those 
prevailing under starts of long duration—except for the extreme 
ends of the drum where stresses are higher, but within Code 
allowable stress values. There is also definite promise that the 
drum-end stresses can be reduced by simple changes to internal 
baffling, or possibly by the introduction of small circulating 
eductors operated off the feed pumps of the unit. 


EXPANSION 


Downward expansions of the boilers were measured during all 
of the starts discussed in the foregoing to determine the relative 
movements resulting from both quick and long starts. 

Measurements were taken at the lowest points of the boilers 
and have been plotted in Figs. 84, 85, 86, 87, and 88. The zero 
reading on these figures indicates the position of the reference 
points when the boilers were cold. On any individual start, the 
divergence of the curves with respect to each other indicates 
different degrees of expansion which can be interpreted as a 
measure of the boiler-structure distortion 
the original design-—-a measure of the working of expansion joints. 
If it is assumed that the boiler is under minimum strain when 
cold, then these divergent expansions represent structural stresses 


or if provision is in 


which may be superimposed upon pressure and thermal stresses. 

Hudson No. 100 Boiler. An inspection of 
Fig. 84 will show that the expansion of No. 100 boiler took place 
in a moze orderly manner during the 85-min start than during 
the 200-min start. 

In both starts the west end of the north and south side walls ex- 
panded at a faster rate than the east end. This is the normal re- 
sult of the burner arrangement. It is assumed that west rear 
wall and the east firing wall moved at approximately the same 
rate, respectively, as the west and east ends of the side-wall 
headers. 


Avenue Station 


In the quick-start with simultaneous firing of the bottom outer 
burner, the south and north side walls responded with quite 
In the long start, because of not firing the 
two furnaces simultaneously, the two side walls did not respond 
start the 
controlled by the firing, while the north wall was controlled by 
water temperature, until 90 min after light-off when the effect of 
firing of the north furnace started the north wall moving faster. 
By 120 min after light-off, the two side-wall lower headers had 
reached the same elevation, 


similar mevements., 


together. Early in the south-wall movement was 


Therefore the expansion move- 
ments on the quick start were an improvement over the long start 
and less working of expansion joints was the result. 

It is to be noted that the respective walls reached equal down- 
ward expansions when the boiler went on the line in the 85 and 
200-min starts. This is due to saturated temperatures’ being 
at the same value in both cases, and thermal expansion of the 
boiler being directly proportional to saturated temperature, 
Fig. 15. 

Vast River Station —Nos. 50 and 60 Boilers. 
ing conditions the expansion comparison was made between the 
two boilers which are identical in every way. Therefore the 
comparison is valid. 

Fig. 85 shows the expansions obtained during both starts. 
Although there is no appreciable divergence in expansion at the 
four corners of the boiler in the 59-min or 242-min starts, it will 
be seen readily that for the regularity and uniformity, the ex- 


Because of operat- 
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pansion curves of the 59-min start are better than those of the 
other start. 

There was a small difference in expansion at the time the boilers 
and units went on the line. However, there is a difference in the 
saturated temperatures at synchronization time, as indicated by 
the drum-water temperature given in Figs. 57 and 58. These 
temperatures were 460 F and 480 F for the 59 and 242-min starts, 
respectively. 

Waterside Station No. 90 Boiler, After a uniform rate of 
expansion of the lower waterwall headers for the first 20 min 
during the quick start, Fig. 86, the walls moved erratically. 
This is the result of a high rate of initial firing (see Fig. 30) and 
abrupt lowering of firing rate which affected water temperature 
(Fig. 29), and lowered the rate of rise very suddenly 20 min after 
light-off. This sudden change in the boiler-water temperature, 
after it had reached 300 F, upset whatever waterwall circulation 
had been established and sent the expansion of the lower water- 
wall headers into erratic movements. Thus again it is em- 
phasized that the more uniformly the temperature rise of the 
water is controlled during starting the less are the stress and strain 
in the entire boiler structure. After the firing rate was under 
control again, beginning at 30 min after light-off and the gas tem- 
peratures increased gradually, the expansion movements, ex- 
cepting point NE, resumed a downward trend. The action of 
the northeast corner on the side-wall header is not explained. 
On the quick start the headers reached their final position 210 
min after light-off. 
than the NW and SW corners because the former two are mounted 


The NE and SE corners are lower by '/, in. 


on the side wall which is a longer wall than the front and rear 
walls on the lower headers on which latter are mounted the other 
two expansion indicators. 

On the long start the maximum difference in waterwall-header 
motion reached the very high value of 1'/, in., considerably more 
compared to the maximum of '/> in. during the quick start, in 
spite of the erratic firing during the latter. Therefore it is evi- 
dent that on a boiler of this type where intermittent firing is 
used on a long start the waterwall expansions are much less uni- 
form than on a quick start using continuous firing with a uniform 
rate of water-temperature rise. 

No. 100 Boiler. The close grouping 
of the expansion curves during the 90-min start, as shown in 


Sherman Creek Station 


Fig. 87, is sufficient evidence that the boiler expansion is more 
uniform during that start than during the 340-min start, thus 
affording another proof of the soundness of the quick-start pro- 
cedure. This comparison would have been even more favorable 
during the quick start had the rate of rise of saturation tempera- 
ture been more uniform as has been obtained on more recent 
starts—not reported in the paper. 

Hell Gate Station —No. 11 Boiler. 
boiler are shown in Fig. 88. 
is more compact than that of the 256-min start, and therefore 
indicates there are less strains in the waterwall system during 
quick-starting than in long-starting. The curves for the long 
start reflect the relatively slow rate of saturation-temperature 
rise up to 135 min after light-off and the accelerated rate of satura- 
tion-temperature rise between 135 and 190 min after light-off, 
Fig. 78. 

In the discussion of the change of rate of saturation-tempera- 
ture rise in spite of a constant rate of firing during the 59-min 
start, Fig. 76, it was indicated that this change of rate might be 
attributed to delayed circulation in the rear wall of the convec- 
tion pass. In the quick-start expansion curves, evidence is 
presented which corroborates this thinking, by the path traced 
by the expansion of the east end of the lower rear-wall header, 
i.e., point No. 2 NE. As the tubes and water of the rear wall 
are heated initially, both points on the header No. 2 NE and 


Expansion curves of this 
The pattern of the 59-min curves 
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No. 2 NW travel downward at the same rate. However, at 20 
to 25 min after firing, point NI slows markedly in its rate of 
travel and does not resume its original pace until 45 min after 
light-off. It is in this period of relatively slow movement of the 
east end of the north-wall lower header that the rate of rise in the 
saturation-temperature curve is zero. Therefore appears 
that the stagnation of circulation occurred in the east section of 
the north waterwall, 

Conclusion of Boiler Expansion. From the foregoing review 
of expansion comparisons of boilers during quick and long starts, 
it has been shown that quick-starting of cold boilers results in 
more uniform thermal expansion. Uniformity of expansion is a 
distinet advantage in any structure. In the case of boilers this 


uniform expansion may well contribute in lessening maintenance 


BorLer-OPeRATING PROCEDURE 


In general, quick-starting from cold of a large high-pressure 


high-temperature boiler on a by-pass, which is the ease of No. 100 
boiler at Hudson Avenue and No. 11 boiler at Hell Gate, can be 
reduced to the determination of the initial firing rate on the boiler 
which, when held constant for the starting period of I hr, will 
build up boiler pressure to line pressure in that time —-after it has 
been proved that such firing rates are safe with regard to super- 
heater and drum-metal temperature. Once this rate has been 
determined, all that is necessary for the operator to do is to set 
the fuel feed and air at that point and let the boiler ride up to 
pressure while keeping a sharp eye on drum-water level. 

In the case of quick-starting from cold of a unit boiler and tur- 
bine, however, where the heat-output demand is varying during 
the starting period, the procedure is different. The fundamental 
objective in the starting of any heat-absorbing equipment is to 
maintain a constant rate of metal-temperature rise in the equip- 
ment. High-range operating pressure gages are useless for this 
purpose, Therefore the idea of using drum-water temperature 
was developed as the operating guide and it is obtained by a ther- 
mocouple in a drum blowdown or water-column drain line and 
recorded in the boiler control room. Here the operator is in- 
structed to fire the boiler so that water temperature plotted 
against time from light-off follows along a line 


out and based on a constant water-temperature rise from initial 


already laid 


drum-water temperature to the desired water temperature at 
synchronizing. 

While most of the data presented herein are from starts made 
early in the program and show nonuniformity in water-tempera- 
ture rise, it is now known that it is perfectly feasible and practical 
for operators to handle the firing and follow very close to what- 
ever rate of water-temperature rise is desired, unless the rate is 
influenced by some circulation phenomenon within the boiler. 

While conducting the tests reported in the paper and many 
more not reported, some interesting operating problems de- 
veloped. These will be reviewed briefly for the benefit of those 
who may sometime in the future embark upon experimental test 
starts preliminary to developing routine procedures. The 
operation will be reviewed in the same order as was done in the 
other sections of the paper. 

No. 100 Boiler. 


fuel has always been used for quick-starting of No. 100 boiler. 


Hudson Avenue Station Firing: VPulverized 
After gas ignition has been on for not longer than 5 min, the lower 
two burners adjacent to the side walls are lit off and fired son- 
tinuously at a constant rate throughout the start. Trouble on 
early starts in holding the fire has been found to be due to the 
use of too much primary air at light-off. Smoke conditions are a 
No. 1 Ringelmann or less. 

Water Level: Prior to light-off, level is 2 to 3 in. below normal. 
At about 15 to 20 min after light-off, three continuous-blowdown 


liv es of '/s per cent, | per cent, and 2 per cent capacity are opened 
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wide, If this does not bring level under control, the mass blow- 
downs are opened. A television screen showing water level is 
located in the control room and also at the boiler feed-pump ares. 
Manpower: One additional operator over that required for 
long starts is needed because of blowing-down operation, 
East River Station—-Nos. 50 and 60 Boilers. All ot 


the quick starts have been made on these boilers using pulverized 


Firing 
fuel with gas ignition. Two diagonally opposite burners were 
lit off and operated continuously during the start, and then pri- 
mary air and fuel increased as required by the turbine stea’n de- 
mand. Stack emission during quick-starting from cold was No. | 
Ringelmann or less. Troubles were encountered on these boilers 
in holding the fire initially, owing to either ignition-system diffi- 
culties or coal hang-ups. 

None of these troubles are brought about by quick-starting, but 
the time delays resulting from them are a sizable portion of quick- 
starting time, whereas with slow-starting they are a negligible 
portion of starting time. It is expected that these troubles will 
be eliminated as experience is accumulated with quick-starting. 

Water Level. Nos. 50 and 60 boilers and their turbines were 
installed with a more centralized control setup than any of the 
others tested. One television viewer of water level is in the con- 
trol room and a second one is on the boiler-teed-pump elevation 
where an attendant is normally present, because all six pumps of 
the two units are turbine-driven. Boiler blowdown-valve con- 
trol is at this elevation and is the responsibility of the boiler- 
feed-pump operator. With such 
of water level during quick-starting presented no difficulty. 


an operating setup, contro! 
Operating Crew. Quick-starting is performed at this station wit! 
the same crew as used on long starts. 

Waterside No. 90 Boiler. 
5 in. below normal, gas ignition was lit off in each of the lower 


Firing. With the drum-water level 
One mill was started and feeder speed was 
adjusted to minimum firing rate with stable conditions. This 
The bottom 
burners were used in order to hold gas temperatures entering the 
superheater as low as possible. After examining the results oi 
this start and with the experience on other boilers, it is believed 
that too much air was used and, because of the lean mixture, too 
high a coal rate was necessary for stability. Future starts will 
be made with a richer fuel mixture and less gas, and it is believed 
by these measures a constant rate of water-temperature rise will 


corner burners. 


speed appeared to be about one third full speed. 


be obtained, 
Stack-emission conditions were under a No. | Ringelmann. 
Water Level. 
60-in. drum, a 2'/:-in. blowdown on the 36-in. drum was opened 
full immediately after firing. 
For routine quick-starting of Nos. 80 and WO 


In addition to the continuous blowdowns on the 


Operating Crew. 
Combustion Engineering boilers at Waterside, an additional oper- 
ator will be called in from duties elsewhere in the station to aug- 
ment the present crew for | hr of the starting period. 

Sherman Creek Station 90 and 100° Boilers 
All of the quick-starting-from-cold tests on No. 100 boiler have 
The 90-min start on No. 100 boiler 
reviewed in the paper was performed with some gas, but most of 


Firing 
been done with oil and gas. 


the heat was furnished by oil burners which were too large. 
This, together with reading of the w rong thermocouple for drum- 
water temperature, resulted in the nonuniform rate of saturation- 
temperature rise caused by the use of two burners, then one, and 
finally three burners. Since that test, another has been per- 
formed 
paper 


too recently for its results to be incorporated in the 
in which one smaller burner was fired from each of the 
four corners, simultaneously. The heat release was increased 
by raising fuel-oil pressure. 

One start of 120-min duration has been made on No. 90 boiler, 
using pulverized fuel, fired simultaneously from all four corners 


«4. 


] 
4 
> 
| 
4 a 


FALKNER QUICK-STARTING OF LARGE HIGH-PRESSURE HIGH-TEMPERATURE BOTLERS 


Secause of too high fuel and air feed, a slight puff resulted at 


Further testing is planned 
It appears that the rates 


light-off and did negligible damage. 

on No, 100 boiler using pulverized fuel. 
of fuel-oil consumption in the early period of the 90-min quick 
With a 
maximum mill capacity of 15 tons per hr per mill, it is expected 


starts are the equivalent of 7 or 8 tons of coal per hr. 


that stable operation of one mill is likely at 5 to 8 tons per hr. 
Therefore it is expected that quick-starting of these boilers with 
continuous pulverized-fuel-firing will be suecessful. 

Smoke was objectionable during the 90-min start in which large 
burner tips were used. On the more recent start using four 
small tips in each corner, the furnace was clear and stack emission 
helow No. 1 Ringelmann. 

Water Level. Prior to light-off the water level is lowered 3 to 4 
in. below normal level. So far during starts, it has been neces- 
sary to open intermittently the 3-in. blowdown line on the 36-in. 
drum in addition to the continuous-blowdown lines on the 60- 
in. drum. 

Operating Creu 
tional operator has to be used during quick-starting 

Hell Gate Station No. 11 Boiler. Firing. Firing on the first 
few quick starts from cold was done using gas ignition and oil, 
but unfavorable stack-emission conditions prevailed early in 


Because of the blowdown problem, an addi- 


the start. During more recent starts, natural gas was burned on 
56 tips at the upper coal-burner level for the full width of the 
furnace, Two small oil burners also were used as a precautionary 
measure, The initial firing rate was held constant during the 
starting period and stack conditions were below No. 1 Ringel- 
mann. It is believe | that no trouble will be experienced quick- 
starting this boiler using pulverized fuel; also, from experience 
at Sherman Creek, it is now believed that oil can be used during 
quick-starting and a clear furnace obtained by using more tips 
of a smaller size 

Water Level 
bottom of the glass. 
pulled on aceount of high drum level when a level recorder in 
the control room was the basic guide for the blowing down opera- 
The next step was to use an extra operator on the gage 
With this latter 
At the pres- 


The quick starts are made with water level at the 
In the first several starts the fire had to be 


tion. 
glass to direct the blowing-down operation. 
setup the water level could be kept under control. 
ent time a new water-level television screen is in the control room 
and blowing-down operations are guided by its level indication. 
Referring again to Fig. 76, at the time the rate of saturation rise 


TABLE 2) FUEL CONSI 


Duration Cu. Ft 
Min 


Boiler 


a 


Gas* 


MED FROM LIGHT-OFT 


Tons Corrected % Btu 
Gas Quite Coal*** Total Btu Total Bturere Saved 
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changed to zero, there was a sudden surge of drum level, again 
pointing to the sudden introduction of water into the drum, 
presumably from the rear wall. 

Operating Crew. Beeause of the need of constant attention to 
drum level during quick-starting, an extra man is added to the 
three-man start-up crew used on slow starting 

Conclusion of Boiler-Operating Procedure. Boiler-operating 
procedures for bringing a cold boiler (room temperature) and a 
relatively cold turbine to synchronization, are simpler and less 
subject to hazard than the long start because: (a) Intermittent 
firing with its attendant alternate heating, cooling, and up- 
setting of circulation in the boiler structure is eliminated: (+) 
a constant rate of temperature rise is substituted for the operator's 
personal idea of when and how long he should be firing and not 
firing on the long start; and (¢) with the operator's attention 
not needing to be focused on starting and stopping of fuel feed 
and air flow, he has more time to concentrate on uniformity of 
boiler performance. 

In order to avoid the addition of one man to the start-up oper- 
ating crew of new centralized control installations where operat- 
ing crews are small in number, a sufficient number of the blow- 
down valves and also the drum vent valves should be motorized 
and controlled from the central room so as to give the operator 
instant control over level and venting 


Furs CONSUMPTION 


As stated early in the paper, quick-starting of large high- 
pressure boilers was originated in the Consolidated Edison Com- 
pany primarily to solve an operating problem which is anticipated 
to arise when many of the present topping units will have to be 
shut down for 36 to 48 hr on week ends to allow the most efficient 
units of the new Astoria Station to operate during the week-end 
low-load period, 

Other advantages acerue frou quick-starting from cold after 
the week-end shutdowns such as an increase of 15 per cent in time 
available for any week-end maintenance and also a small fuel 
saving. The latter was investigated during some of the test starts 
using approximate operating measurements and the results are 
Table 2. 


saving amounts to 27 per cent at Mast River which has condensing 


shown in From this table it can be seen that the fuel 
units, and to an average of 43 per cent for the other three topping 
To this could be added the saving in auxiliary 
power consumption and a certain amount of labor. It is hoped 


installations 


UNTIL ON-BUS 


East River Station 


Quick Start 16,000 


67,000 


Long Start 


Waterside Station 


Quick Start 90 59 300, 000 


Long Start 650, 000 


Sherman Creek Station 


Quick Start 112,400 


Long Start 601,100 


Hell Gate Station 


Quick Start 314,658 


Long Start 546,734 


13,520 Btu per pound at Waterside Station 


* Hell Gate uses straight Natural Gas at 1065 Btu/cu ft 
** 150,400 Btu per gallon at Sherman Creek - 150, 310 Btu/gal at Hell Gate = ° ® 
*** 13,432 Btu per pound at Sherman Creek Station - 15, 140 Btu/lb at East River Station - 


- All other stations use mixed gas at 540 Btu/cu ft 


**** Corrected to equivalent quick start initial and terminal temperature conditions 
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1G. 90 Watersipe Station No. Locations 
t (50,000-kw Westinghouse topping unit, 3600 rpm, 1600 psi, 950 F.) 


a 


that these thermal data may be helpful in future considerations 
by system operators in determining when it is economical to re- 
move such units from service as compared with running them 
through the week ends at light loads; and also to the boiler manu- 
facturers as design data for rates of fuel burning required for 
quick-starting from cold. 


TURBINE OPERATION 

Turbine procedure accompanying quick-starting of high-pres- 
sure unit boilers from a cold condition does not introduce any new 
operational problem except that it requires shorter rolling periods 
than has been past practice for starting, following week-end 
shutdowns. 

The duration of the rolling period is primarily determined (a) 
by the temperature, at the time of the start, of the section of the 
turbine which is hottest under full load—generally the steam chest 
when this chest is integral with the turbine shell; (b) the design 
of the turbine shell. Single-shell construction requires longer 
warming period than does double-shell construction, everything 
else being equal. 

Figs. 89, 90, and 91 show the cross section of the turbines dis- 
cussed in this section together with thermocouple locations. The 
turbine data plotted in Figs. 92, 93, and 94 are for tests related to 
corresponding boiler starts given in the superheater, drum, and 
expansion sections. 

Because of operational or design considerations, it was not nec- 
essary to start No. 10 unit at Hudson Avenue Station and No. 1 
unit at Hell Gate at the same time as their boilers. Therefore no 
data are available on these two turbines, 


Kast River Station —Nos. 6 and 6 Units. Nos. 5 and 6 turbines 
shown in Fig. 89 are G-E cross-compound condensing units rated 
at 137,000 kw. Steam is supplied to the high-pressure-turbine 
stop valves at 1450 psig and 1000 F. The low-pressure cylinder 
exhausts to a condenser at a back pressure of 1.5 in. Hg at full load. 
The high-pressure turbine is of the double-shell construction. 

Prior to lighting-off No. 60 boiler, the turbine and boiler had 
been out of service for over 48 hr; and, as a result, the turbine- 
chest metal temperature, as shown by curves Nos, 2 and 3 in 
Fig. 92 had cooled to 285 F. The boiler itself was at room tem- 
perature, 

Shortly after lighting-off No. 60 boiler, the two hogging jets 
provided on this installation were started and condenser and 
turbine shells evacuated to a back pressure of slightly more than 6 
in. Hg. 

The steam-temperature curve in Fig. 92 was obtained with 
thermocouples installed on the steam leads to the turbine. At 
first it indicates the residual temperature of the steam-line metal, 
but as soon as steam pressure builds up, this temperature de- 
creases under the cooling effect of steam at low temperature 
flowing through the turbine stop-valve drains. However, as the 
boiler pressure and steam temperature rose, the cooling of the 
steam-line metal leveled off at 375 F shortly before the turbine 
was started. This temperature represents the temperature of the 
steam flowing in the steam line and is 107 F above the tempera- 
ture of the steam chest as indicated by thermocouples No, 2 
and No. 3 in Fig. 92. 
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Thirty minutes after lighting-off the boiler, No. 6 turbine was 
started with steam pressure at 50 psig and brought up to about 25 
per cent of operating speed, or 900 rpm, for the high-pressure tur- 
tune, After maintaining this speed for 10 min to check and sound 
the unit, the speed was raised to gland-sealing speed of 2000 rpm 
and held at that speed for another 10 min. Thereafter, the unit 
was brought up to full speed and rapidly synchronized to the bus. 
The total elapsed time from start to on-the-line was 20 min, com- 
pared with 2 hr which is usually taken on a high-pressure high- 
temperature machine following a week-end shutdown. 

After synchronizing, curves Nos. 2 and 3 in Fig. 92 show 
maximum rates of metal-temperature rise of 360 F per br and 
400 F per hr, respectively, on the top and bottom valve chest, 
considerably below the 500 F per hr limiting rate given in the 
starting instructions’ and, therefore, leading to the conclusion 
that loading could have been faster than actually was used. 

The differential expansion between the high-pressure-turbine 
spindle and outer shell is shown at the bottom of Fig. 92 and in- 
dicates an increase in forward blade clearance of 22 mils, a very 
small portion of the total clearance available for differential ex- 
pansion 

It should be noted that because of the high vacuum maintained 
during the start, the low pressure-turbine shell temperature, as 
given by thermocouples Nos, 11 and 12, did not exceed 130 F. 
This low temperature is beneficial because it reduces the cooling 
of the low-pressure section when the load is applied. 

In this particular test, coal-feed difficulties were experienced 
after the unit went on the line and prevented raising the boiler 
pressure to its rated value. In subsequent starts of the same 
duration, the boiler pressure was raised without noting any detri- 
mental effect. 
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Waterside Station No.9 Unit. 
a Westinghouse 50,000-kw topping unit of single-shell construc- 
Steam is admitted to the throttle at 1600 psig and 950 F 
and exhausted at 200 psig to a header supplying low-pressure tur- 
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No. 9 unit shown in Fig. 00 is 
thon. 


bines. 

Before lighting-off the boiler, No. 9 unit and No. 00 boiler had 
been out of service for about a week. To raise the metal tem- 
perature as high as possible, low-pressure 200-psig steam: was ad- 
mitted into the eylinder at the exhaust end during the night pre- 


ceding the morning of the start This heating resulted in the 


metal temperatures shown in Fig. 93 at 20 min after light-off. 

To study the temperature gradient across the massive horizon- 
tal flanges of the turbine shell in co-operation with the manufac- 
turer, holes were drilled in these flanges above and below the 
joint and thermocouples were inserted into these holes. Prior to 
starting the turbine, the temperature of these flanges as indicated 
by thermocouples No. 5 and No. 6 was 250 F and 240 F, respec- 
tively. 

Thirty-eight minutes after lighting-off the boiler, the turbine 
was started at a throttle pressure of 35 psig while exhausting to 
atmosphere. Sixty-five minutes after lighting-off, the atmosphere 
exhaust line was shut off and the exhaust pressure built up to the 
normal 200 psig. Ninety minutes after lighting-off or 52 min 
after rolling the unit, the generator was phased on the line and a 
load of 5 mw immediately applied. The unit was loaded there- 
after at the low rate of 0.5 mw per min. 

During the start there was no noticeable vibration and the dil- 
ferential expansion, in a direction which increased the forward 
blade clearances, reached 32 mils a few minutes after the unit was 
on the line. 

To prevent crushing of the horizontal joint during the start and 
also to prevent high stress in the bolts in this joint, the manu- 
facturer has recommended that a 200 F differential not be ex- 
ceeded between the temperatures of the inner and outer sur- 
faces of the horizontal flanges, 

If the spread between curves Nos. 5 and 6 represents this dif- 
ference for the upper flange, and spread between curves Nos. 8 and 
4% that of the lower flange in Fig. 93, it will be seen that during the 
start this limitation was reached but not exceeded in the upper 
flange at the elapsed time of 80 min. 
on the line and in spite of a small rate of load increase and a rate of 


However, after the unit was 


steam temperature change of only 180 F per hr, this differen- 
tial metal temperature the 200 F limitation and 
actually reached 360 F tor the upper flange and 260 F for the 
lower flange 135 min after lighting-off the boiler or 47 min after 


exceeded 


the unit was on the line. 

It is our operating experience that while it is possible to re- 
main within the 200 F limitation during the rolling period of a 
start from cold, whether it be slow or quick, exceeding that 
This 


condition, which is the result of the large temperature drop in- 


limitation cannot be avoided when the unit is being loaded. 


herent in a heavy single-cylinder wall, can be correcte 1 only by 
artificial heating of the flanges and bolts. The manufacturer has 
been working on this problen for some time and has been aske | 
to submit drawings for a heating design in which the heating 
medium will be controlled automatically by the metal-tempera- 
ture differences which govern the crushing of the flanges. 

Vo. 10 Unit. A cross section of No. 10 
This turbine is a 50,000-kw G-E super- 
Steam is admitte | 


Sherman Creek Station 
unit is shown in Fig. 91. 
posed unit having inner and outer shells 
to the throttle at 1600 psig and 950 F and is exhausted at 200 
psig to a low-pressure header supplying eight turbine-generators. 

When No. 100 boiler was lit-off, boiler and turbine had been out 
of service for 48 hr and the shell temperatures above and below 
the admission-valve seat, as indicated by thermocouples Nos. 7 
and 8 in Figs. 91 and 04, were 250 F and 305 F, respectively. 
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The exhaust end of the shell given by thermocouple No. LL was 
at 340 F, or higher than the steam-chest metal temperature a 
condition resulting from low-pressure steam at 500 F back-flow- 
ing into the turbine shell because of a slight leak around the es- 
haust valve, 

The curve representing the steam temperature in Fig. “4 is 
from a couple in a well and indicates at first the temperature of the 
steam-line metal; but, as soon as sufficient pressure was estab- 
lished in the boiler to force a steam flow through the turbine stop 
valve drains, this temperature dropped to 180 F. 

Twenty-six minutes after lighting-off the boiler, the turbine 
was started. The steam temperature at that time was 265 Fo 
the same as that of the steam-chest metal as indicated by curve 
No. 

Because of a poor sensitivity in the low range of the 0 to 3000 psi 
gage, there appeared to be no steam pressure at the time of the 
start. Actually, this pressure was about 20 psi and that portion 
of the steam curve in Fig. 94 up to approximately 100) psi must 
be discarded as inaccurate 

The turbine was exhausted to atmosphere for 34 min after being 
started and then the back pressure built up to the normal 200 
psig. It would have been preferable to delay the start of the 
turbine another 30 min until the stearn temperature had reached 
a temperature of at least 100 F higher than that of the steaim- 
chest temperature. Lf this procedure had been followed, the cool 
ing of the turbine spindle, as evidenced by the decrease in forward 
bucket clearances shown by the differential-expansion curve, would 
However, this bucket clearance 
where 


which de- 
bucket 
rubbing was to be feared, but it serves well to demonstrate the 


have been avoided. 
creased only 19 mils was never near a point 
need to adhere to the practice of admitting steam into the tur- 
bine at a temperature substantially hotter than that of the 
hottest part of the turbine-shell front end. 

Shortly after the full back pressure had been established, the 
speed of the unit, which had been kept at about 1000 rpm, was 
steadily increased until it reached its full speed and the generator 
immediately was phased on the bus. 

The elapsed time from start to synehronization of No. 10 unit 
was 64min. This time could have been reduced to 30 min safely 
as indicated by curves Nos. 7 and 8 which show no appreciable 
temperature change for 34 min after the turbine start 
In this turbine-operation 


Conclusion of Turbine Operation 


section, it has been shown that the rolling period of double-shell 
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turbines does not need to exceed 30 min when the initial 
shell temperature is between 250 and 300 F. 
Single-shell turbines, because of their massive horizontal flange 
design, require more time. However, on such designs the critical 
7 period occurs mainly after the unit is on line and while the unit is 


being loaded, irrespective of the time taken for the start. 


ASTORIA STATION 


Reheat Units, 
and 4 the symbol deseriptions for the turbine by-pass design which 
will be installed on the new 160,000-kw, 1800-psi, 1000/1000 F, 
3600 rpm, quadruple-flow cross-compound Astoria Generating 
ie Station reheat units, 

The by-pass was developed to permit quick-starting of the tur- 
bine and boiler from a hot condition following an overnight shut- 
down. 


Fig. 95 shows the line diagram, and Tables 3 


For the case of quick-starting from cold the by-pass will not be 
used and the boiler and turbine will be handled in the same 
manner as the East River No. 6 turbine and No. 60 boiler. 


CONCLUSION 


The results reported in the paper have demonstrated how the 

basic objective of starting 1,000,000-lb per hr, high-pressure, 

: high-temperature boilers from a cold to a steam condition for 
turbine synchronization in 1 hr has been accomplished success- 
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fully without any shortening of normally expected superheater- 
tube life, and with drum tangential stresses less than those dur- 
ing slow-starting, except at the drum ends. In these local 
areas where the stresses are higher during the short start than 
in the long start, minor drum internal-baffle changes can be 
made which could reduce these stresses considerably below Code 
allowable values. 

The one-hr starting time while apparently not the minimum 
possible for starting of a large high pressure high-temperature . 
boiler and turbine in the judgment of the author, is a reasonable 
minimum time to permit a complete check by the operators of 
boiler and turbine conditions during the starting period. 

It is hoped the data presented in the paper will be useful to 
other utility operators, when their system growth and number of 
installations of high-pressure high-temperature units reach the 
point where week-end shutdowns become necessary; and also to 
the boiler designers for consideration of provisions in current and 
future designs for improved circulation in the drum ends, and to 
permit them to issue more definite recommendations to operators 
in regard to maximum permissible drum-metal temperature 
spreads at the various drum pressures during the starting period. 

The work of testing during quick starts from cold is not con- 
Drum 
ends need further attention, and I-hr starts on Combustion boilers 


sidered completed with the presentation of this paper. 


will be made as soon as drum internal-baffle changes are com- 
plete. 
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VENUE following papers (condensed) on the subject of quick- 


starting large high-pressure steam generators and turbines 
1952 


were contributed by the Power Division at the 


Controlled 
By 


In order to realize the full benefits from the controlled 
starting of central-station units, the design, control, and 
operation of boilers and turbines must be closely co-ordi- 
nated. Tests have been conducted on several units to 
observe conditions occurring during both slow and fast 
starts. This paper discusses the results of these tests and 
points out how proper design and operation of central- 
station steam turbine-generator units will accomplish a 


material saving in starting times without sacrifice in 


RBEQUIREMEN ts FOR CONTROLLED STARTING 


safety or reliability. 

N Eof the principal requirementsof a quick start is the abil- 
( ) ity to control steam and metal temperatures so that the 
steam temperatures are maintained slightly higher, say, 50 
to 100 F, than the metal temperatures during the starting 
Another important consideration is to control the heating 
and bolts to prevent excessive 
relative radial and 


evele, 
rate of the casing walls, flanges, 
stresses in these elements. Furthermore, 
axial movements between rotating and stationary parts must be 
measured and controlled to prevent interferences between these 
parts, 

Steam Temperature. The temperature of steam available for 
starting depends upon the design, arrangement, and control limita- 
tions of the steam generator 

The design depends to some extent on the type of service for 
boiler is intended. In Fig. 1 are shown two curves of 
steam temperature, one on a boiler designed for base-load servi -e 
and the other on a boiler designed for stand-by service. On the 
base-load boiler, curve A, rated steam temperature is reached at 
about 00 per cent of capacity with the temperature being main- 
tained at this value by desuperheating above this flow. On the 
boiler designed for stand-by service, curve B, full steam tempera- 
ture is obtained at flows above 37 per cent of the boiler capacity. 

The average central-station steam generator has a characteristic 
between these two curves, with rated steam temperature being 


which the 


reached at from 50 to 70 per cent of the boiler capacity. 

Many present-day boilers have wide ranges in control by means 
of which steam temperatures differing quite widely from the nat- 
However, on many of the 
variations in steam tempera- 


ural characteristic can be obtained. 
older units now installed such wide 
ture cannot be obtained and this factor should be considered in 
the study of quick-starting. 

With the boilers arranged on the header system, provisions for 
controlling steam to an individual turbine are quite limited. In 


general, this means that the steam to the turbine being started is 


‘ Published on page 1407 of this issue of the Transactions of the 
ASME. 
*? Manager, Central Station Section, Westinghouse Electric Corpo- 
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on such an ar- 


at or near full rated temperature. As a result, 


rangement steam is usually considerably hotter than the turbine ~~ 


metal unless the unit has been out of service for only a short time 


Turbine- Metal) Temperature. Metal-temperature measure 


ments have been made on several turbines during the shutdown 
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hig. Variation iN [Ninian Steam Temperature 
On 3600-rpm units it was found that after steam inlet 
valves were closed, the turbine would cool off in accordance with 
the curves in Fig. 2. The upper curve, rate of cooling, shows that 
during the first hour after shutdown the metal temperature will 
drop about 27 F. After 6 hr the cooling rate has dropped to 
about 19 F per hr and after 48 hr to about 4 F per hr. 

The total cooling after an overnight shutdown of 6 hr will be 
130 F 36 hr about 


period, 


about and after a week-end shutdown of 
450 

The rate of cooling on the more massive 1800-rpm turbines is 
about 75 per cent of the values shown in Fig. 2, Therefore an 
1800-rpm turbine will cool off about 100 F during a 6-hr shutdown 
and about 340 F during a week-end shutdown. 

The turbine uniformly. The 
lower part cools at a slightly faster rate than the upper half. As 
“hump,” thus reducing the operating 
radial clearances between the stationary and rotating parts at 
the bottom and increasing them at the top. This differential in 
the rate of cooling can be reduced, but not eliminated, by rotat- 
ing the shaft by the turning device at somewhat higher speeds. 

Arial Clearances. Axial rotating 
stationary elements during the starting eycle vary quite differ- 
ently so no general values can be applied. | Therefore it becomes 


casing usually does not cool 


a result, the casing tends to 


clearances between and 
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necessary to study each unit individually to determine its differ- 
ential axial movements. 

Casing Horizontal-Joint Design. Analyses of starting cycles on 
several units indicate that an important condition to measure and 
control is the differential temperature between flange and bolts. 

A typical casing horizontal flange and bolt is shown in Fig. 3. 

This joint is held together by closely spaced through-bolts 
that, under normal conditions, produce a pressure on the contact 
surfaces more than sufficient to keep the joint tight. 

During the heating cycle, steam sweeping past the inner wall 
first heats the inner part of the Mange. Heat is then conducted 
through the flange at a fairly fast rate. With the through type of 
bolt, such as shown in Fig. 3, heat passes into the bolt at a much 
slower rate, this heat being transmitted principally by conduction 
through the washer, thence into the nut, and finally into the bolt 
along the comparatively short thread engagement. Some heat 
also is transmitted slowly to the bolt by radiation across the clear- 
ance space between the flange and bolt. 

Thus, during the heating cycle, the flange heats much faster 
than the bolt. This differential is dependent upon the rate of 
heating which, in turn, is largely determined by the difference be- 
tween the metal temperature and the temperature of the steam 
used for heating. 

This differential heating causes the cylinder flange to expand 
more than the bolt, especially at the inner surface. The differ- 
ential expansion increases the compressive stress at the contact 
surface of the cylinder flange and also the tensile stress in the 
bolts. This differential may become large enough for the stresses 
in the flange and bolt to become excessive. 

In some cases, with uncontrolled conditions during the starting 
evele, the flange temperatures have become much more than 150 
F higher than the bolts. Under these conditions, it becomes 
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quite apparent that the joint sealing surface may become dam- 
aged and broken bolts may result. 

Design Possibilities. In order to reduce temperature differen- 
tials between the flange and bolts to a minimum, several changes 
in design and operation are possible, 

For example, horizontal-joint bolts could be of the stud rather 
than clearance-bolt type. The stud, with its more intimate 
contact with the flange meta] along its thread engagement, will 
more closely follow changes in flange temperatures. However, 
the stud type of bolt has other design disadvantages which in 
most cases outweigh the advantage of reduction in differential 
temperatures. 

Some consideration also has been given to the possibility of fill- 
ing the clearance space between the bolt and flange with some 
material which will conduct heat more rapidly from the flange to 
the bolt. This also has disadvantages from a design, manufac- 
ture, and maintenance point of view which make such a construe- 
tion impracticable. 

The ratio of bolt to contact-surface areas can, on new designs, 
be changed to reduce compressive stress on the flange contact 
surface during transient conditions. 

Modern turbines include principles of good high-temperature 
turbine design, such as small and relatively simple elements in 
the high-temperature section, freedom of expansion within con- 
trolled limits to satisfy temperature differentials, and uniformity 
of shape and contour to avoid Jocalized high stresses under tran- 
sient and steady-state conditions. However, some of the princi- 
ples were not so carefully followed in older turbine designs. 

Operating Possibilities. In some cases the operator can contro) 
changes in metal temperatures, and particularly temperature dif- 
ferentials between flange and bolts, by the following means: 


(a) Control the rate of increasing speed or load and, where 
necessary, dwell at a given speed or load sufficiently long to per- 
mit flange and bolt temperatures to become more nearly equal, 

(b) Circulate high-temperature steam through the clearance 
space between the bolts and flange in order to heat the bolt at a 
faster rate. 
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(c) Where the length of shutdown is scheduled and where the 
temperature of steam to be available for the subsequent start 
can be predicted fairly closely, control the rate of shutting down 
the unit accordingly. For example, if the shutdown is to be 
short and high-temperature steam will be available for starting, 
the turbine should be shut down rapidly to retain as much heat as 
If, on the other hand, the steam available for starting 
is expected to be at a relatively low temperature, the turbine 


possible. 


should be cooled as much as possible during the shutting-down 
cycle. 
Test Resuuts 
In order to observe the behavior of turbines during the starting 
and loading cycles, tests have been made on several central-sta- 


tion units. For example, on one 60,000-kw unit, tests were con- 
ducted under the following conditions: 


1 Cold start after an extended shutdown for inspection. 

2 Starting cycle after shutdown periods of 48, 24, and 4 hr. 

3 Rapid changes of 25 per cent load, both in the increasing 
and decreasing directions. 

4 Rapid changes of 50 F initial steam temperature, both 
in the increasing and decreasing directions, 

5 Concurrent rapid changes of 25 per cent load and 50 F 
initial steam temperature. 

6 Rapid load changes of 50,000 kw. 


During these tests the following observations were made: — 


(a) Differential movements between rotating and stationary 
parts, which determined the running clearances between these 
parts. 

(b) Truth of rotors, which determined the smoothness of oper- 
ation during the starting and loading cycles, 

(c) Temperatures at various points in the flange, such as near 
the inner and outer surfaces, also at the center of the flange at the 
top, bottom, and near the joint. 
were taken 


Several sets of these readings 
near the high-pressure end, at the impulse chamber, 
at about the center of the high-pressure casing, and at the exhaust. 
(d) Temperatures of the casing wall at the top and bottom. 
(e) Temperatures of the bolts at various points. 


After an analysis of these measurements, it was determined on 
this turbine that if the differential temperature between the inner 
wall of the flange and the corresponding bolt were kept within a 
limit of 200 F no excessive stresses would occur in the flange or 
bolt and, furthermore, the running clearances between the rotat- 
ing and stationary parts would be sufficient to provide a safe mar- 
gin against interference bet ween these parts, 

In order to keep the temperature differential between the inner 
surface of the flange and the bolt within the safe limit of 200 
F the following controls were applied: 


(a) Initial steam temperature was controlled to a limited de- 
gree, but since this was a header arrangement boiler operation did 
not permit a very wide control of this temperature. 

(b) When the temperature differential between flange and bolt 
started to increase too fast and approach the 200 F limit, 
speed or load was held for sufficient time to permit the flange 
conditions to become stabilized. 

(c) Provision was made to circulate steam in the space around 
the bolts and in this way to heat the bolt so that its temperature 
more nearly matched that of the flange. Two sources of steam 
were available, one from ahead of the throttle valve and the other 
being lower-pressure steam from the impulse chamber, 


Summarizing the results of these tests, together with those con- 
ducted on several other units, it may be concluded that if the tur- 
bine is operated under the controlled conditions described, the 


DISCUSSION 


turbine can be brought to speed in the times determined by 
the following formulas: 


= 0.06 Tw (without steam circulation around bolts) 


= 0.03 At V 7a (with steam circulation around bolts) 


where 
7, = time recommended for bringing unit to speed, min 
At = difference in temperature between throttle steam and 
metal in high-pressure parts, such as throttle valves and 
steam chests, deg F 
Ta = length of shutdown period prior to start, hr 


This formula is shown graphically for the start without bolt 
heating by the nomogram in Fig. 4. When bolts are heated under 


controlled conditions, starting times can be reduced to 50 per cent 
of the values obtained from the nomogram 
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Load Changes. The recommended rate of changing load will 
depend to a certain extent upon the change in initial steam tem- 
perature occurring during this load change 

Referring again to Fig. 1, it will be noted that the initial steam 
temperature varies with the load and also with the design of the 
boiler. 

In addition to the effect of this change in initial steam tempera- 
ture, the temperature at a particular stage in the high-pressure 
section of the turbine also will vary with change in stage pressure. 
This is illustrated by the curves in Fig. 5 which show the changes 
at the zone following the first stage of a turbine having a nominal 
initial steam temperature of 900 F. 

This figure shows three curves, A being based upon a boiler 
designed for base-load service in which the initial temperature 
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varies in accordance with curve A in Fig. 1; B being based upon 
« boiler designed for stand-by service, and C being based upon 
constant initial steam temperature of 900 F. 

Recommended rates for applying load are shown on the nome- 


gram in Fig. 6. 
ANALYSIS OF OPERATING CONDITIONS 


After an operator has obtained information on his turbine simi- 
lar to that deseribed in the foregoing, he is in a position to decide 
questions such as the following: 


1 During light-load periods, is it more economical to shut 
down a unit or to operate it at partial loads? 

2 When shutting down, should load be reduced slowly in or- 
der to cool the turbine as much as possible before it is taken out of 
service, or should load be removed fast in order to retain as mueh 


heat as possible? 
Factors affecting this decision are as follows: 


(a) Comparative values of off-peak load to installed capacity. 

(b) Shape of efficiency curve of boiler, turbine, and other equip- 
ment, 

(ec) Ability of turbine to be started and loaded quickly without 
damage. 

(d) Need tor short-time repairs or adjustments, 


Efficiency of boilers and turbines is almost always poorer at 
light than at heavy loads. This is particularly true if the off-peak 
loads are less than half rated load, As a rough rule, it is economi- 
cal in most cases to keep the unit in operstion provided it carries 
half load or above. If, however, it becomes necessary to trans- 
fer load from a more efficient unit to a less efficient unit during 
the light-load periods it might swing the balance in the direction 
and justify carrying « heavier load on the more efficient unit and 
shutting down the less efficient unit. 

Some turbines, particularly those of modern design, are better 


suited to quick-starting and to rapid changes in load even though 
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they may be operating with much higher steam pressures and 
temperatures, 

The need for making minor repairs or adjustments during shut- 
down periods may dictate the desirability of taking a unit out of 
service. This is a factor that usually can not be predieted or 
scheduled, 

CONCLUSION 


With installed capacity gradually catching up with load de- 
mands, the time isapproaching when it will be economical to shut 
units down for short periods. Furthermore, it becomes necessary 
at times to shut units down to make repairs or adjustments. 
Under either of these conditions, « shortening of the starting time 
can effect a material saving in fuel consumption and also provide 
more time for making essential repairs. 

An analysis of the behavior of the turbine, such as described in 
this paper, will enable an operating company to effect a substan- 
tial saving in starting time and, of equal importance, accomplish 
this saving with even greater safety to the equipment than when 
following the somewhat arbitrary rules established in the past. 
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“ft Increasing numbers of high-pressure high-temperature 
turbines are being subjected to frequent shutdowns, in 
many cases nightly. Designers and operators of these units 
must give careful consideration to the factors involved and 
by co-operative effort develop optimum techniques and 
procedures for loading steam turbines. 
Suggestions are given in this paper of such procedures. 


starting and 


“VO the turbine designer, the effect of starting and loading 
on the major components of turbines can be condensed 
for all practical purposes to the effeet of temperature change 


These 


components, 


Errecrs oF TEMPERATURE CHANGE 
The important effects of temperature change are as follows: 


{ Thermal stresses in external valve bodies, integral valve 
chests, and turbine casings. 
2 Thermal stresses in rotors. 


4 Differential expansion between the rotating and stationary 


parts, 
$ The effect of temperature differentials between horizontal 
flanges and flange bolts on the adequacy of turbine-casing flanges. 


[t is difficult, if not impossible, to determine the magnitude of 
repeated thermal stress that will be harmful to various turbine 
parts. Such factors as the varying ‘notch sensitivity” of high- 
temperature materials, and multiaxial nature of most thermal 
stresses, and the effect of possible residual welding stresses com- 
plicate the situation. Therefore any choice of reasonable limits 
of thermal stress will be based primarily on judgment and experi- 
ence, 

Fig. 7 shows curves of thermal 
stresses in a casing wall as a function of the rate of change of inner 
surface temperature and wall thickness. The rate of inner sur- 
face-wall temperature change is used as a parameter because one 


Thermal Stresses in Casings. 


of the conclusions of this paper is that the measurement of inner- 
wall temperature is a simple and direct means of controlling ther- 
mal stresses during a starting and loading cycle. 
curves shown are based on a simple analysis of the stresses in an 
infinite flat plate free to expand in the plane of the plate, but re- 


The stress 


strained from warping and bending for the condition of a constant 
rate of temperature change on one surface and no heat flow from 
the other surface. 

The curves are drawn for ferritie casing material such as | per 
cent Cr, 1 per cent Mo, '/, per cent V, and 1 per cent Mo, '/, per 
cent V. 
change rates and wall thickness the thermal stresses occurring in 
an austenitic steel, such as Type 347, will be approximately twice 
the value shown in Fig. 7, owing to the higher thermal-expansion 
coefficient and the lower thermal diffusivity. 

During a heating cvecle the thermal stresses shown are compres- 
sive stresses at the inner surface of a casing, while the tensile 


It is important to note that for the same temperature- 


stress on the outer wall will be approximately one half this value. 
During a cooling cycle the stresses shown are tensile stresses on 


the inner wall. Since most eracks and fractures are caused by 


* Manager, Turbine Engineering, Large Steam Turbine and Gener- 
ator Department, General Electric Company. 
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and Subsequent Loading of 
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tensile stresses, it then seems reasonable that rapid cooling ot 
turbine casings may be more damaging than rapid heating. 

In starting and loading instructions' published by the company 
with which the author is associated, a maximum rate of metal- 
temperature rise of 500 F per hr applicable to turbines, in gen- 
eral, has been recommended. At the time these instructions were 
formulated, it was believed that such a temperature-change rate 
was reasonable and would not cause permanent distortions or 
cracks in turbine casings. Since then the pressures and tempera- 
tures for which turbines are being designed have continued to 
rise. It can be seen readily from Fig. 7 that for turbines de 
signed for higher pressures and temperatures with greater casing- 
wall thickness, it is prudent to keep rates of temperature change . 
lower for the same risk of harmful effects. Therefore a revision 
of these instructions wherein the maximum recommended rate of | 
temperature change will depend upon the initial pressure and tem- 
perature for which the turbine is designed, seems appropriate. 

In addition, on turbines containing austenitic valve casings and 
turbine casings, the rate of metal-temperature change on these 
parts should be limited to roughly one fourth that allowed for fer- 
ritic materials for the same risk of producing permanent distor- 
tions, since austenitic casing materials commonly in use have an 
elastic limit equal to approximately one half that of ferritic eas- 
ing materials, 

Thermal Stresses in Rotors. UW is conceivable that rates of 
steam-temperature change could occur in «a turbine that might re- 
sult in excessive thermal stresses in the solid rotors of modern 
turbines, 
do not appear to be adversely affected by the rates of steam-tem- 


However, because of their inherent symmetry, they 


perature change that might occur within the reasonable limits im- : 

posed by the consideration of other turbine components, 
Differential Expansion. The differential expansion between 

the rotor and the stationary parts of the turbine is an important 


‘Starting and Loading Instructions for Schenectady Turbine- 
Generator,"’ General Electric Company publication, GE1-34082A, 
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consideration in determining the proper starting and loading cy- 
cle. Although in many recent turbines an almost perfect bal 
ance between rotor and casing expansion has been achieved as il- 
lustrated by the test results discussed later in this paper, generally 
rotors expand and contract as a result of steam-temperature 
During the starting 
and loading of a cold turbine the rotor will expand more rapidly 


change more rapidly than do the casings. 


than the casing and, in some cases, this may be the important 
limitation in determining the maximum rate of loading following 
a cold start 

If following a short shutdown a hot turbine is slowly started and 
loaded with the relatively low-temperature steam supplied by a 
singly connected boiler, the contraction of the rotor relative to the 
casing is apt to be excessive and axial rubbing may occur. Here 
is a case where rapid starting and loading is very desirable, and 
this will be discussed more fully. 

The differential-expansion detector, which indicates and _ re- 
cords the relative expansion of the rotor and casing at some stra- 
tegic point in the rotor system, enables the operator to control 
starting and loading so as to avoid excessive differential expansion 
and possible axial rubbing. 

Temperature Differentials Between Horizontal Flanges and Flange 
Bolts. 
casings are composed of large masses of metal and the flange bolts 
which hold the horizontal joint together tend to be thermally in- 
sulated along their length by the small clearance space between 
the bolt and the flange. 

Therefore, during a cycle of internal steam-temperature rise 
there is a tendency for large temperature gradients to exist from 
the inner surface of the horizontal joint to the outer surface, and 


The horizontal flanges of both inner and outer turbine 


also a tendency for the inner portion of the flange to heat faster 
than the bolt. Such a temperature differential between the hori- 
zontal flange and the bolt causes higher tensile stress in the bolt 
and higher compressive stress at the inner portion of the joint 
surface, either or both of which could be excessive and damaging 
to the effectiveness of the steam joint if rates of inner surface 
temperature change are too high. 

The degree to which temperature differentials between hori- 
zontal flanges and flange bolts are a problem in the starting and 
loading of turbines depends considerably on the design details 
of the horizontal flange. It will suffice for this discussion to state 
that experience on modern steam turbines built by the company 
with which the author is associated indicates that excessive hori- 
zontal flange-to-bolt temperature differentials do not occur within 
reasonable limits of rate of internal-temperature change imposed 
by the All the 


measurements made during the past few years of flange and bolt 


consideration of other turbine components. 


temperatures occurring during transients have indicated only 
nominal temperature differentials. Furthermore, the generally 
excellent operating record of turbine-casing horizontal flange 
joints would appear to confirm that they do not impose a sig- 


nificant limitation on starting and loading. 
STARTING AND LOADING TEsTS 


No attempt is made in this paper to report in detail the results 
of a considerable amount of data accumulated by the author's 
company with respect to temperature changes in the various 
parts of steam turbines oceurring during starting and loading, 
unloading, and rapid load changes. However, part of the 
results of a representative starting and loading test, and tem- 
perature data taken following a shutdown are shown to illustrate 
the kind of observations upon which the conclusions drawn in 
this paper are based. 


* Supervisory Instruments for Power-Generating Equipment," by 
kK. Y. Stewart and J. H. Reynolds, Jr., Trans. ASME, vol. 74, 1952, 
pp. 187-199. 
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The data shown in Figs. 8 and 9 were taken during tests con- 
ducted on an 80,000-kw tandem-compound double-flow 3600- 
rpm reheat turbine designed for steam conditions of 1450 psig, 
initial pressure, 1000 F initial temperature, and 1000 F reheat 
temperature. The approximate locations of the points at which 
temperatures were measured are shown schematically in Fig. 10. 
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The cooling curves shown in Fig. 8 illustrate how the tem- 
peratures at various points in the turbine casings decrease follow- 
ingashutdown. The valve chest cools off quite rapidly from 940 
F to 670 F in the first 4 hr. This is considered typical of most 
modern turbines built by the author’s company with the valve 
chests mounted on the outer shell, the relatively rapid cooling 
being attributed to the effect of the valve stands and mechanism 
which extend outside the thermal insulation and act as a radiator. 
The outer casing adjacent to the reheat-admission space cools 
more slowly from 875 F to 770 F in the same period. After 4 hr 
elapsed time, the outer casing at the reheat admission remains 
approximately 100 F hotter than the-valve chests. 

The outer casing at the high-pressure-turbine exhaust and at 
the 15th-stage extraction belt rise in temperature for a few 
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hours following shutdown as a result of heat flow from the hotter 
portion of the turbine, After 10 to 12 hr the temperatures at 
these points in the turbine are practically the same as at the time 
of shutdown. 

Temperature and expansion data taken during a starting and 
loading cycle following a 41-hr shutdown are shown in Fig. 9. 
During the 25-min period prior to rolling the turbine, the 
valve chests were heated by intermittently opening the stop valve. 
The inner-surface temperature of the valve chest followed very 
closely the saturation temperature corresponding to the pressure 
in the chest and, at the time the turbine was rolled, the inner- 
surface-chest temperature was the same as the saturation tem- 
perature corresponding to throttle pressure. If the emergency 
stop valve had been opened and had remained open, the chest 
pressure would have risen almost immediately to about 520 F. 

During the 30-min period while the turbine was being brought 
to speed there was practically no heating of the turbine casings, 
except for the valve chest, which increased in temperature be- 
At the time loading began, 
the chest temperature was still about equal to saturation tem- 


cause the throttle pressure increased. 


perature corresponding to throttle pressure. 

From the time loading begins ane a significant mass flow of 
steam is established in the turbine, the valve-chest temperatures 
are completely a function of the change in throttle temperature, 
the metal temperature following closely the steam temperature 
because of the relatively high surface-heat-transfer coefficient. 
The difference between the temperature of the throttle steam 
and the inner surface of the valve chest was never greater than 
about 60 F. 

The maximum rate of temperature change of the outer casing 
at the high-pressure-turbine exhaust was about the same as that 
of the valve chest, and the rate of temperature change at the 15th- 
stage extraction belt was considerably less than that at the reheat 
admission. 

CONTROLLED STARTING AND LOADING 


It is difficult to formulate generally applicable starting and 
loading eyeles in simple terms of starting time (time to bring the 
turbine to speed) and rates of loading following the starting 
period. Factors such as the relationship between throttle- 
steam temperature and turbine-metal temperatures, individual 
boiler characteristics, and the effect of differences in turbine 
design complicate the situation. 

In accordance with the earlier discussion in this paper, it 
appears that the most important factors to be observed and con- 


QUICK-STARTING OF HIGH-PRESSURE BOILERS 


DISCUSSION 


trolled are differential expansion and the rates of metal-tempera- — 


ture change at strategic locations on the turbine casings. 

Differential expansion can be observed by use of a differential- 
expansion detector and recorder which is a standard supervisory 
instrument offered by steam-turbine manufacturers. 

Casing-metal temperatures can be observed by the use of 
thermocouples properly installed in the casing wall and a suitable 
temperature recorder. 
casing-wall temperatures near the inner surface, 


It is considered preferable to measure 


In general, the desirable casing temperature to be observed 
should be at the following locations: (a) Nonreheat turbines. 
(1) Upper valve chest; (2) lower valve chest; (3) first-stage shell 
(practical only on turbines with single-shell construction); (4) 
low-pressure-turbine exhaust hood. (6) Reheat turbines. (1) 
Same as (a); (2) reheat admission space; (3) high-pressure- 
turbine exhaust; (4) intermediate-turbine exhaust. 


LOADING 


FEATURES OF A STARTING AND 


PROCEDURE 


Bastc DerstRABLe 


For purposes of this discussion the starting and loading cycle 
will be divided into three phases as follows: (1) Heating of the 
valve chest; (2) starting (bringing the turbine to speed); (3) 
loading. 

Heating of Valve Chest. 
opened, the metal temperatures in a turbine valve chest will rise 
rapidly to the saturation temperature corresponding to throttle 
Therefore, 


When the emergency stop valve is 


pressure if the initial chest-metal temperature is low, 
depending upon the amount by which valve-chest-metal tem- 
perature is lower than throttle saturation temperature, it is desira- 
ble to control the rate at which pressure builds up in the valve 
chest by intermittent opening of the stop valve. 

If the valve-chest-metal temperature is higher than throttle 
saturation temperature, essentially no change in valve-chest- 
metal temperature will occur when the stop valve is opened. 

Starting. During the starting cycle, while the turbine is being 
brought to speed, surface heat-transfer coefficients within the 
turbine are relatively low and metal temperatures change at a 
relatively slow rate. Therefore the total change in metal 
temperatures occurring during starting will be relatively small, 
unless the difference between steam and metal temperatures is 
large and the starting time is exten’ od—probably to a period in 
the order of an hour, 

There are three cases to be considered depending wpon the 
relation of the throttle-steam temperature that will occur follow- 
ing the rolling of the turbine to valve-chest-metal temperature: 


Case (A)-—A_ throttle-steam than 100 
F higher than valve-chest-metal temperature: In this case, it 
appears desirable to extend the starting time to permit the valve- 
chest-metal temperatures to rise to a temperature roughly 100 
F less than throttle-steam temperature; otherwise the valve- 
chest-metal temperatures may increase too rapidly when load is 
applied. The length of time required may vary from 30 min or 
less, for the case where throttle-steam temperature is only a little 
more than 100 F higher than the valve chest-metal tempera- 
tures, to perhaps 2 hr or more for the extreme case of starting a 


temperature more 


turbine which is at room temperature with steam at rated throttle 
temperature from a boiler header. 

Case (B) 
higher than valve-chest-metal temperature: 


Throttle steam equal to or not more than 100 F 
In 


starting time is a matter of convenience since practically no 


this case, the 


change in metal temperatures will occur during the time that the 
turbine is being brought to speed, 

Case (C) Throttle lower valve-chest-metal 
temperature: In this situation the turbine i& cooled during the 
starting cycle and, since this must be followed by heating some- 


steam than 
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where in the subsequent loading cycle, it is desirable to reduce this 
cooling to a minimum, Therefore, in this case, a quick start is 
desirable the minimum time being controlled by good judgment 
and the ability of trained operators to handle the mechanical 
aspects of bringing the turbine to speed. Furthermore, in this 
case, differential expansion may be important because under 
these conditions the rotor will cool and contract more rapidly 


than the casings if the starting time is extended. 


After the turbine generator is synchronized, loading 
can be controlled by rate of change of turbine-metal tempera- 


Loadin qj. 


tures at strategic locations on the casings and by differential ex- 
pansion. Throttle-steam temperature and load may be increased 
in any proportion as controlled by the rate of rise of metal tem- 
peratures, 

With one exception, the slower the rate of loading the more 
The exception is case (C) where 
steam temperatures are lower than metal temperatures, In this 
case, load should be applied as rapidly as the boiler and con- 
denser vacuum permit to the point where throttle temperature 
is equal to or a little higher than valve-chest-metal temperature. 


conservative the operation. 
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Restarting and re-establishment of load following a trip-out also 
should be done as rapidly as boiler and condenser vacuum per- 
mit, 

CONCLUSIONS 


Neither “quick”’ nor “slow”’ starting and loading cycles should 
A conservative starting and 
loading cycle, one that is best treatment for the turbine, is one 
during which the rates of change of turbine-metal temperatures 
are relatively low. 

By considering the over-all characteristics of the turbine- 
boiler system and by relating turbine shutdown procedures, start- 
ing and loading cycles, and the length of shutdown time, starting 


be considered conservative per se. 


and loading procedures can be developed which meet the require- 


ments of utility-system operation and also represent good 
treatment for the turbine. 
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Quick-Starting of High-Temperature High-Pressure Boilers 


By ARTHUR R. WEISMANTLE,’ NEW YORK, N. Y. 


Principles governing the quick-starting of steam gen- 
erators are outlined. Superheater safety, drum safety, 
boiler expansion, and a general discussion of factors in- 


volved in quick starts are considered. 


I NGINEERS agree that minimum start-up time for large 


high-pressure high-temperature steam generators is 
limited only by those factors which affect the safety and 
Quick-starting at or 


near the minimum time will be completely safe if the start-up 


vice life of the particular unit involved 


procedure employed is based upon full recognition of and limited 
in accordance with the sound engineering principles which govern: 
(a) Superheater-tube-metal temperatures metal-tempera- 
ture differences are limited to values safe for the materials in- 
volved, (b) metal-temperature differentials in drums, headers, 
and other components are low enough to avoid excessive stresses, 
(c) thermal shock at joints is avoided to insure tightness under 
pressure, and (d) expansions occur without subjecting any parts 
to overstress conditions. Throughout the actual investigations 
carried out and reported by the author of the paper most of these 
factors were under close observation, The author is to be con- 
gratulated for using this engineering approach and he deserves 
the gratitude of the industry for making available, in detail, 
such a large amount of valuable information on a vital subject. 

In his introduction the author states his conviction that quick- 
starting from cold, when properly handled, is less rigorous than 
long starts, We can agree with this statement in regard to many 
of the aspeets involved in starting-up particular boilers, but would 
like to add a word of caution to the industry to avoid generaliza- 
tion on this theme, A look at the various components which 
are involved will indicate why this is important, 


SUPERHEATER SAFETY 


Long Starts. The history of superheater safety during or 
immediately following long starts, has been far from perfect. 


Assistant Manager, 
Mem. ASME 


Steam Divisi 


Data obtained during long starts show some of the reasons why 
this is the case, and may be summarized as follows: 


| The metals of drainable or nondrainable superheaters are 
substantially at prevailing gas temperatures during long starts 
even when a tube is passing normal drain or turbine-rolling steam 
flow. 

This is evident from Fig. 11 of this discussion, which shows gas, 
metal, and steam temperatures at various locations for both 
primary and secondary sections of « single nondrainable super- 
heater element in a large steam generator, under long-start 
conditions, The superheater had been flooded before start and 
four oil burners equally spaced across the furnace width were 
operated continuously during the start. To interpret such data 
correctly it is necessary to remember only that thermocouples on 
the heating surface read temperatures of the gas-heated metal, 
and indicate the presence of water when at saturation tempera- 
A departure from saturation means that water has been 
eliminated, but not necessarily that steam flow has been estal- 
lished, unheated surfaces 
headers read temperatures of steam-heated metals and indicate 
no flow when at saturation and the start of steam flow by a 
departure from saturation. 


ture. 


Thermocouples located on near 


2 Water can remain trapped in the cool end of nondrainable 
superheaters until the unit is on the line. This is seen from Fig. 
11 but is probably more forcefully illustrated in Fig. 12 which 
shows data taken on an identical unit which is started up by 
intermittently firing with coal until on the line. 

3 Water is cleared from nondrainable superheaters in «a 
pattern which closely follows the location of highest gas-tempera- 
ture and gas-flow conditions. 

This is evident from Fig. 13 which shows temperatures ob- 
tained with thermocouples located on the unheated parts of each 
element near the outlet header of the secondary section of a non- 
drainable superheater. The five charts, starting from the 
bottom, show conditions at successive intervals after light-off 
during a long start from cold, when fired intermittently through 
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{ High loeal gas temperatures can occur because of poor 
control of firing rate. 


Many operators do not have oil or gas in sufficient quantity to 
bring boilers into service with these fuels. Some who have 
these fuels do not have the equipment flexibility to operate at 
about 5 per cent of full-load rate with burners in service across 
the width of the unit. Others must light-off with inflexible 
pulverized-fuel equipment having only a 2 to 1 operating range, 
and firing intermittently. Add to these limitations the factor 
of occasional operating energencies taking the operator's atten- 
tion momentarily and it ean be seen that high local heat-input 
rates, with gas temperatures entering the superheater in excess 
of 1300 F can result. 

Considering the foregoing facts, the causes of superheater-tube 
failures occurring during or shortly after start can be more readily 
understood. With any condition resulting in local gas tempera- 
tures exceeding 1300 F and occurring near the operating pressure, 
the potential danger to drainable or nondrainable superheaters is 
self-evident. When water reuains trapped in bottom loops of 
nondrainable superheaters at) such times the danger is more 
imminent. If the superheater is arranged with primary and 
secondary sections in series without an intermediate header, the 
trapped water blocks steam flow in the element. When an inter- 
mediate header is used, unevaporated water suddenly discharged 
from the primary section ean enter and block steam flow from 
the secondary-section element. In any case if the blockage 
occurs coincidental with high gas temperatures during start- 
up, or from increased firing rate after on the line, superheater 
failuré ean occur. 

Quick Starts. 


tion on “long starts’? let us now look at quick-start conditions 


With this background of superheater informa- 
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These may be less rigorous than long starts, based on the following 
considerations: 

1 Maximum superheater-metal temperatures lag behind 
maximum gas temperatures, 

The rate of rise of superheater-metal temperatures follows the 
laws of convection heat transfer, so as time of start-up is de- 
creased an increase in temperature difference between gas and 
metal at the time of maximum metal temperature must follow. 
Data on long-start tests cannot be used to indicate this directly, 
because metal temperatures are too close to gas temperatures 
when maximum metal temperature is reached. However, the 
mean temperature difference between maximum gas temperature 
and maximum metal temperature for the total period of start-up 
during different long-start tests follows a logarithmic law which 
may be extrapolated to give the predicted curve in Fig. 14, 
herewith. This shows only indirectly the lagging of maximum 
superheater-metal temperature behind maximum gas tempersa- 
ture, 
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2 bWntering gas temperatures can be low and uniformly dis- 
tributed across superheaters. 

If we consider a I-hr quick start, the actual firing rate per 
hour will be roughly from 20 to 30 per cent of full-load firing rate 
and will depend upon the relative weight, water-storage capacity, 
and losses for any particular unit. The higher firing rate of the 
quick start makes possible a much more even heat input, as it 
allows the fuel to be distributed between a greater number of 
burners. With some equipment the low-load stability of burners 
is sometimes improved when more than one is in operation, 

With fuel input constant and evenly distributed across the 
width of the furnace, and conservative furnace designs in which 
net heat release is in the neighborhood of 80,000 Btu/hr/sq ft of 
envelope at maximum load, it can be calculated that large units 
can be brought from cold to “on-line’’ conditions in 1 hr with 
maximum gas temperatures entering the superheater of about 
1000 F. The Consolidated Edison tests prove the validity of 
such caleulations and the correctness of such starting conditions 
as can be observed by correlating the various data shown in 
Figs. 14, 15, 16, 18, 19, 22, 44, and 46 of the paper. Gas at 
1000 F entering the superheater is not a limitation. From basic 
considerations, units designed for higher steam temperatures and 
with metals correctly chosen may tolerate much higher gas 
entering temperatures and be started more rapidly. Conversely, 
units designed with smaller furnaces producing higher furnace- 
exit-gas temperatures for the same heat input, with superheater 
surfaces exposed to the furnace, or with large amounts of convee- 


tion boiler surface, must be started more slowly, 
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3 Nondrainable superheaters are more readily cleared through 
higher temperature differentials and greater gas-mass-flow condi- 
tions. 

The secondary section generally clears rapidly, but the primary 
sections of nondrainable superheaters are considerably favored by 
quick-starting because of the higher gas-flow rates and tempera- 
ture differences existing at these surfaces, After normal shut- 
downs, these elements contain only about 2 to 3 ft of condensate 
which should be more readily eliminated under such conditions. 
However, the elimination of this water will depend on the par- 
ticular superheater design and the gas distribution over the 
bottom loops. This may be judged from the observation that 
even the secondary superheaters on the Hudson Avenue and East 
River quick starts were not cleared until after the units were on the 
line. 

It is interesting to note Fig. 15 of this discussion, which shows 
how operation of the power control valve can assist clearing non- 
drainable superheaters during start-up. Its early use during 
quick starts may reduce the frequency and intensity of tempera- 
ture changes, and speed the elimination of water from non- 
drainable superheaters, 

From all the previous considerations we may conclude that 
superheaters can be safe against high metal temperatures during 
quick starts when heat input is distributed uniformly across the 
furnace width and applied at a constant rate. The minimum 
time at which any unit may be started is dependent upon several 
factors, including furnace and superheater arrangement and firing- 
equipment flexibility and this will vary from unit to unit 
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DRUM SAFETY 

The principles involved in connection with drum safety are: 

1 The heat-transmission factors involved in the drum proe- 
esses are transfer coefficients of approximately 2000 for con- 
densing vapors, 600 for heating or cooling water, and 2 for heating 
or superheating steam (in Btu/hr/sq ft/deg F), and also thermal 
conduction, where the conductivity of steel is about 25 Btu/hr/- 
sq ft/deg F per ft. 

2 Metal temperatures at various locations on the drum are 
governed by the foregoing factors and influenced by the tempera- 
ture of water and its level, the presence of stagnant locations or 
pockets, and variations in the rate of firing or feeding water. 

3 Drum-temperature differentials during either start-up or 
shutdown will be minimized if all locations are, in effect, geared to 
a single-phase fluid. 

These principles haven't changed since they were promulgated 
in 1949, so in studying the present data one is frequently faced 
with questions which concern their application, The first: in- 
volves the water-level history in the comparison of the long 
versus quick-start temperature differences between top and 
bottom of drums. While the author comments upon starting 
levels and states generally that they are kept under control, 
there is one reference to high level which might indicate the water 
level varied considerably. If this happened the temperature 
differences between drum top and bottom could be considerably 
affected. 
measured temperatures and temperature differences at. similar 
locations on the three drums of the Sherman Creek unit. 

Another factor coming into the study of the data concerns the 
conditions existing in the steam space at any period throughout 
the start. 
volved necessarily must have been cleared of water before steam 


The effect of level is clearly illustrated by comparing 


The nondrainable sections of all superheaters in- 
left the drum at any point. We know that nondrainable loops 
do not clear uniformly so there is a possibility for the presence of 
stagnant locations or even uncleared air pockets in the steam 
space if drum vents or intermediate inlet-header drains were 
small or closed early. 

Variations in the rate of firing fuel and feeding water, and the 
The author 
calls attention to these effects in connection with the East River 
and Sherman Creek starts, respectively, and they appear to be 
Such variations can affect 


temperature of the feed also enter the situation. 


present in some of the other tests. 
the drum temperatures measured. 

The author has correctly proved that the drums were safe 
under the test conditions covered by his report. There is some 
reason to believe, however, that under equivalent conditions of 
water levels, flow through the steam space, and variation in rate 
of firing and feed, the degree of drum safety generally would be 
less favorable under quick-start conditions. 

The drum is the one component of the steam generator where 
the effects of possible failure are too extreme to be tolerated, or 
even contemplated. If drum stresses conceivably can be higher 
under quick-start conditions then Operators should use every 
means at their disposal to minimize these stresses. This may be 
accomplished by exposing the inner drum surface to a single- 
phase fluid during the start-up or shut down operations, through 
means of flooding the drum or spraying boiler water over all inner 
surfaces, or alternately, holding level at the bottom. 


BorLer 


While one can agree with the author that uniformity of ex- 
pansion is a distinct advantage in any strueture, the primary 
concern is with safety of pressure parts because of the hazard to 
life and equipment availability which failure may incur. Not 
only must they move uniformly but their movement must be in 
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direct proportion to the change in motivating temperature; other- 
wise outside forces enter the picture and impose additional 
stresses on these parts. The temperature of the circulating boiler 
water is the motivating factor for expansions of the pressure-part 
components, 

In this author’s opinion, the data presented in the paper in- 
dicate that expansion factors can impose additional stresses 
during any start, but that long starts may be just a little safer 
than quick starts as made during these tests. 


GENERAL COMMENT 


We can fully agree with the author's conclusion that maintain- 
ing uniform conditions during any start is best for safety of boiler 
Carried further, one may say that fully drainable 
superheaters are best for quick starts beeause they provide all 
tubes with uniform slightly beneficlal effeets from drain- 
flow cooling, without water-trapping elements. 


components 


Quick starts should be made only with furnace heat input con- 
stant and uniformly distributed. The measurement of gas 
temperature entering the superheater then becomes the most 
important indication of superheater safety and operators should 
provide a sufficient number of couples to assure an accurate 
measurement of this temperature. 

Perfect superheater safety during any start will be provided by 
twin-furnace units of the writer's company as shown in the dis- 
cussion of an earlier paper? on this subject, when fitted with 
drainable superheaters, or the more recently developed multiple 
furnace-type reheat units. Such units can be brought to operat- 
ing conditions without subjecting superheaters or reheaters to 
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high gas temperatures until steam flow is established. These 
units provide the further advantage of delivering steam at any 
desired temperature to suit the turbine, whether during hot or 
cold-start conditions, as may be seen from Figs. 16 and 17 of 


this paper. 


Latest Techniques for Quick Starts on Large Turbines and 
Boilers,” by J.C. Falkner, D. W. Napier, and C. W. Kellstedt, Trans. 
ASME, vol. 72, 1950, pp, LLLL-1128; discussion by A. RK, Weismantle, 
Fig. 35, p. 1134. 
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There is full agreement with the author that drums should be 

; designed carefully to avoid any conditions resulting in stagnation 
and pockets, and that design details at drum ends should be 
suitable to minimize temperature differentials under the quick- 
start conditions, 

In addition, however, we believe drum safety is most assured 
when the whole inner surface is geared to a single-phase fluid dur- 
ing start-up or shutdown periods. 

A full evaluation of stresses involved during expansions can be 
made only with a full knowledge of a particular unit arrangement 
and a comparison of measured versus expected expansion for any 


start. 
ar? _ )perators should realize that they will not obtain as much fuel 


PRIMARY STEAM FLOW = £8 / HR 


& 
Fic. 17) Sream-TemMPeraTure 
800 1 CHARACTERISTICS OF 1900 Psic— _ 7 
REHEAT STEAM TEMPERATURE ENVELOPE — 1050 F/1000 F Foster-WHEELER 
| Mvuctirurnace  Reneat-STeEAM 
GENERATOR 
700 4 
Joo 


saving for quick starts from cold as they might expect from the 
tabulation in Table 2 of the paper, because the setting and casing 
and also heavy parts like drums will not reach equilibrium 
temperature during 1I-hr starts. The setting and casing alone 
accounts for from 10 to 15 per cent of the total heat required to 
bring a large unit to operating conditions, and only a small portion 
of this heat is provided in the first hour. 


CONCLUSION 


In conclusion, we certainly agree with the author's basie con-_ 
cept that boilers can be safely quick-started in 1 or 2 hr, and that 
differences between designs require carefully testing each unit 
at vulnerable points in establishing quick-start procedures. 
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By C. 


The problem of quick-starting steam turbines can be 


solved by careful design and careful operation, both of 


which are equally important. The paper includes typical 


illustrations and a brief description of the various factors. 


és Hk problem of quick-starting steam turbines would be 
greatly simplified if the materials used in steam-turbine 
construction did not undergo dimensional change with 
change in temperature. Because it is impossible to change the 
laws of nature, 
the rate of temperature change is kept within safe limits and the 


it is necessary to operate power plants so that 


power-generating equipment must be designed to safely accommo- 
date unavoidable dimensional changes that affect alignment 
that create thermal shock, and that create force reactions at the 
points where equipment is anchored and guided. The problem of 
quick-starting can be controlled by careful design and by careful 


oe both of which are equally important. 


TURBINE CONSTRUCTION 


7 The turbine should be constructed in such a way that the 


effects of sudden temperature change can be controlled and 
minimized. 
be used at the high-temperature end of the turbine to avoid 
excessive change in turbine alignment with change in tempera- 
ture, Fig. 18 of this paper. When partial admission is used at the 
hot primary inlet to the turbine, it is desirable to provide separate 
free-expanding nozzle chests to minimize distortion and thermal 
shock between adjacent nozzle chests and between the nozzle 
chests and outer cylinder when the turbine is operating at partial 
load or subjected to sudden load change, Fig. 19. 

The turbine should be designed to withstand the differential 


A temperature-compensated type of support should 


8 Engineer-in-Charge Steam Turbine Design, Allis~Chalmers Man- 
ufacturing Company. Mem. ASME, 
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expansions between cylinder and spindle that occur with the 
temperature resulting from  quick-starting. 
expanding inner cylinders and free-expanding blade and dummy 
rings that are keyed and guided in a way to minimize differential 
expansions are desirable, Fig. 20. Steam seals should be designed 
to safely accommodate the temporary axial displacements. 
teplaceable heat-dissipating steam seals in the spindle are desira- 
ble to avoid the possibility of permanently bending the spindle 
as a result. of local heating because of accidental rubs incurred 
during the temporary distortions of quick-starting. 


changes Free- 


Flanged high-temperature joints are now kept to the minimum 
number necessary for dismantling the turbine and those that are 
still used are designed to remain tight with a 100 F temperature 
differential between the flange and the bolting. The elasticity 
required in the bolts to meet this requirement is controlled by 
spacers placed below the nuts. 

High-temperature steam piping must be designed with enough 
flexibility to avoid excessive force reactions resulting from 
change in pipe dimensions with change in temperature so that 
the turbine is not pushed out of alignment and stresses are 
kept within safe limits. On high-temperature machines, a 
floating steam chest containing the stop valves and governor- 
controlled inlet valves permits increased flexibility between the 
connections at the boiler and at the turbine, Fig. 21. The 
turbine cylinders and all high-temperature parts must be designed 
with symmetry so that they will change temperature uniformly 
and allow dimensional change without undue distortion, Fig. 22. 

The use of steam-sealed glands has reduced the hazards of 
improper gland operation on high-temperature machines and the 
automatic operation of the steam-sealed gland has relieved the 
operator of the necessity of having to maintain careful gland 
control during starting and stopping operations, Fig. 2: 

The foregoing are just a few of the things that can and have 
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been done in the design of modern high-temperature steam tur- 
bines to make them more suitable for quick-starting operation, 
OPERATING PROCEDURE 

In order that quick-starting can be accomplished satisfactorily, 
it is necessary to follow a carefully planned operating procedure. 
The operator must have complete knowledge and control of 
what is taking place and this requires both means to control and 
measure steam temperatures entering the turbine as well as 
instruments to measure temperatures and expansions at critical 
points inside the turbine. 
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It is now current practice on the higher-temperature machines 
to install thermocouples at critical points in the turbine to guide 
the operator during operation. Micrometers for measuring 
eylinder expansions and differential expansions between sta- 
tionary and rotating parts also are provided. 

Many factors must be considered by the operator when starting 
the turbine, and if it is desired to start quickly, all of the various 
factors must be given careful attention. Charts or nomograms 
are often prepared to guide the operator and these charts should 
be based on data that can be easily and accurately determined 


at the time of starting. Fig. 24 shows a typical nomogram 
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which indicates to the operator the time necessary to load the 
turbine safely to any desired per cent of rated load. The critical 
factors that establish this loading time are the total forward 
expansion of the turbine cylinder from initial cold position and 
the expected increase in throttle temperature. 


CONCLUSION 


The main problem in quick-starting steam turbines is to con- 
duct operations in such a way that sudden excessive temperature 
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changes are avoided, It is believed that even with the higher 
steam temperatures used today, the improvements in turbine 
design and the increased knowledge by the operators of what takes 
place during quick-starting makes this type of operation entirely 


safe and practical, 
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recognition and gratitude of the Society and the utility industry 
for their constructive accomplishments reported so completely 


The author and his associates deserve the 


in this paper. 

The operating requirement for placing large units in service 
quickly will become increasingly important throughout the 
country, particularly in larger cities, with the great number of 
large units of the present expansion program going into operation. 

The author properly states that three most important con- 
siderations in quick-starting are to prevent: 


1 Overheating of the superheater. 
2 Overstressing of the furnace and boiler structure as a whole. 
3. Overstressing of the drum or drums. 


Iexperience has shown that there have been several super- 
heater-tube failures caused by raising the gas temperature in the 
superheater above safe limits before every one of the elements 
had been cleared and steam flow properly established in all of 
them. Safe operating procedures, however, can be established 
by test work on any installation. 
general instructions to operators the procedures recommended 
should insure that superheater-metal temperatures are held to 
their design limits during starting up. 

Reasonably even heating and expansion of the furnace and 


The writer believes that in 


convection enclosure walls are of particular importance when the 
setting and casing are attached integrally to the pressure parts 
and adjacent walls are tied together. Such construction is 
generally used on boilers that operate under pressure. liven 
heating can be accomplished by proper interconnection of the 
water-supply system to the various walls forming the enclosure. 
Regarding drum temperatures during starting-up, the depth 
thermocouples used by the author and his associates furnished 
valuable information in their extensive test work. 
speaking, however, a series of couples located on the outside of 
the top and bottom of the drum together with a pressure gage or 
couples on active riser tubes should be sufficient to determine 


Generally 


satisfactory starting-up procedures. 

For example, during the quick-start-up of September 7, at 
Kast River, the maximum difference between saturation tempera- 
ture and the bottom outside surface of the drum was 134 F 
and the maximum difference between saturation temperature 
and the top outside surface at the middle of the drum was 7% 
F. These compare with actual differences measured by the 
depth couples of 127 F and 81 F, respectively. 

One of the most important stresses set up in a drum during 
starting-up is a circumferential stress at the outer surface pro- 
duced by the drum being hotter above the water level than below 
it. This total stress is the summation of the design pressure 
stress plus that due to the temperature difference between top 
and bottom producing bending plus the thermal stress produced 
by the temperature drop through the wall thickness. This total 
stress should be kept below 90 per cent of the yield point during 
starting up. 

Using 35,000-psi yield point for SA-212 drum plate, analysis 
indicates that this stress will be satisfactory with temperature 
differences between top and bottom as much as 150 F when 
the temperature drop through the wall is as much as 80 F. 

The author is correct in stating that it is the boiler manu- 
facturer’s responsibility to design the drum, the connections to it, 
and the internals so that reasonable temperature differentials 
can be maintained during starting up. 


* Chief Engineer, The Babcock & Wileox Company, New York, 
N.Y. Mem. ASME. 
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The design should minimize the possibility of stagnant water 
or air pockets forming and should make sure that hot or cold 
spots are not produced by localized injection of steam or 
cold water from some outside source. The connections between 
the drum and other parts of the boiler should have sufficient 
flexibility so that overstressing will not occur with reasonable 
temperature differentials. 

It should be possible to satisfy these specifications on new 
designs, and they should be attainable on existing boilers; how- 
ever, some may require relatively simple alterations. 

In conclusion, quick-starting of large boilers has been shown 
to be practical by the author and other utility operators. It is 
important that each case be given individual attention, so that 
satisfactory limits are established by tests on each boiler. 


B. J. Cross. The ideal conditions for putting a boiler into 
service are those that will result in a steady uniform rate of 
temperature rise up to the operating temperature of all of the 
component parts of the unit. The actual rate of temperature 
rise is of importance only to the extent that it may contribute to 
the equalization of temperature in the more massive parts of the 
structure. 

Like most ideals, these conditions are impossible of complete 
attainment. They remain, however, the goals toward which we 
must. strive, 

The recommendation that the rate of temperature rise be 
limited to 100 F per hr was made with the expectation that 
it would not result in any temperature inequality of over 100 
F in any part of the drum structure. The observance of this 
recommendation would require a period of 4 to 6 hr in putting a 
high-pressure boiler on the line. At the time this recommenda- 
tion was made, the desirability of faster starts was not generally 
realized or foreseen. Both the 100 F rate of temperature 
rise and the 100 F temperature difference was intended to 
include a factor of safety which, however, could not be evaluated 
accurately. The only justification that can be claimed for this 
procedure is that boilers have been so started over a number of 
years without any evidence of damage. Such justification, 
admittedly, is based on a lack of evidence that may indicate a 
hazard rather than positive evidence that may insure safety. 
The factor of safety of structures can be evaluated definitely on 
the basis of properties of materials that can be measured accu- 
rately. The factor of safety of operational procedure can be 
established only by experience such as is supplied by the work 
that the author has reported. 

The data reported upon in the present paper, which supplement 
earlier reports on the same subject, provide rather convincing 
evidence that a large steam-generating unit can be put into 
service in a much shorter time, and with at least equal safety, 
than the 4 to 6-hr period that would be required by the “once 
generally accepted practice’ of 100 F per hr temperature rise. 

This reduction in starting time has been accomplished in a ton, 
series of carefully conducted trials extending over several years 
and with an increasing number of temperature controls. 

The conclusions that have been made on the basis of these 
studies are well supported by the data that have been accumu- 
lated. 

The exceptions noted are the temperature differences that 
have been measured on the drum shell at the ends of the drum 
that extend outside of the collecting baffle and in the parts of rear 
steam drum that extend beyond the boiler setting. These tem- 


‘© Manager, Research Department, Combustion Engineering Inc., 
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perature differences have been greater during the short. starts, 
and are shown in Figs. 66 and 71 of the paper, for short and long 
starts, respectively, on No. 100 boiler at the Sherman Creek 
Station. It will be noted that in all starts, the drum-metal 
temperature below the water level is lower than that part of the 
drum in contact with steam. This may be accounted for in 
part by the difference in transfer rates between steam and the 
metal and between water and the metal. 

In Fig. 66, representing the 90-min start, there is a significant 
temperature difference between the bottom of the drum at 
the center and at each end. This indicates a lack of axial water 
circulation in the drum that would have a desirable effect in 
equalizing the drum bottom temperatures. An experimental 
baffle installed in the drum has resulted in an improvement in 
the temperature differences and indicates a relatively simple 
method of promoting the axial component of water circulation 
within the drum. 

While the mass of data presented will require a much longer 
time than has been available for complete analysis, certain 
tentative conclusions may be made. 

The principal factor that has resulted in the more favorable 
conditions over the shorter starting periods is a uniform firing 
rate and a more uniform application of heat. over the periphery of 
the furnace, the walls of which constitute the principal evapora- 
tive heating surfaces. 

For the short-time starts, it has been possible to use a sym- 
metrical arrangement of burners and to fire the furnace at a con- 
tinuous constant rate over the starting period. 

For the long-period starts, it has been necessary to use an 
unsymmetrical burner arrangement or to interrupt the firing 
periodically to hold the pressure rise to the test. limit. 

The effect of discontinuous firing is most noticeable in the 
expansion data for the furnace walls. 

The higher firing rate of the short-period starts should have the 
effect of promoting a better thermal circulation up to the period 
when the boiler begins to deliver steam, This thermal circula- 
tion is dependent upon the temperature difference between riser 
and downcomer circuits. The higher rate of heat input to the 
furnace walls and the higher rate of pressure rise are favorable 
to the maintenance of this temperature difference. 

The author invites comment on the stress effect. of drum-end 
temperature differences particularly for the 90-min start as shown 
in Figs. 66 and 69. As he suggests, the calculation of radial 
stresses at these locations is a formidable task. While time has 
not permitted an exact analysis, the evaluation of stress at 
selected areas that appear to be most unfavorable has given 
values within code tolerance. The stresses set up at the drum 
manhole and reinforcing plate are highest axially at the bottom 
of the opening. These stresses also are within code limits. 

It is quite in order, as the author suggests, that the requirements 
of more rapid starting of boilers be taken into consideration in 
current and future designs. The data he has presented will be a 

aluable guide in pointing out the objectives of these design 
considerations. 

The basic design features of a steam-generating unit are estab- 
lished by the specifications of pressure, capacity, and superheat 
and reheat temperatures. These requirements, which establish 
the furnace volume, the area of heat-absorbing surfaces, tube 
thickness, and drum dimensions must continue to be the primary 
considerations in the design of the unit. However, to the extent 
that they do not interfere, further features may be incorporated 
into the design to favor quick-starting. 

It may be pointed out that steam-generating units of present- 
day design provide much more favorable conditions for rapid 
starting than the older units. 

This is largely the result of locating the major part of the 


DISCUSSION 


evaporative surfaces ahead of the superheater. The rate of firing 
during the quick starts is about 20 per cent of the full-load 
firing rate. At this rate of firing, the gas at the superheater 
ean be kept below any temperature that may endanger the super- 
heater elements, and steam flow that affords further protection 
to the superheater can be promoted early in the starting period. 
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bk. H. Kring." 
store of knowledge available on public-utility design and operating 
problems as well as economics. The great amount of data that 
have been obtained and presented on drum temperatures and 
temperature gradients through drum walls will do much to place 
such design on a more rational rather than empirical or specula- 
tive basis. Boiler design should be improved; e.g., stresses in 
the ends of boiler drums should be lower as a result of baffles 
introduced to reduce temperature differentials, 

Every plant and system operator will have an improved basis 
on which to judge the safety of his existing procedures for bringing 
equipment on the line, and, at last the old rule of 100 F tem- 
perature change per hour has been challenged and found in- 


This paper is a major contribution to the 


adequate and without authority. 

Of particular interest to those with an economic bent is the 
Table 2 of the paper 
shows that quick-starting gave fuel savings on two boilers of some 
260 million Btu per start each which, at a fuel cost of 32 cents per 
million Btu, would be worth $830. With 52 starts per year, the 
savings would be worth $43,000 per boiler. This is a financial 


amount of fuel savings during each start. 


objective well worth going after, even without the concomitant 
savings in labor and maintenance which cannot be evaluated as 
definitively. If this saving could be made on the really large 
number of boilers which are now having starting periods of 4 to 6 
hr, the saving for the entire country would be a very large amount. 


Autnor’s CLOSURE 


The author wishes to express his appreciation to all of the dis- 
cussers for having taken of their valuable time to review this 
lengthy presentation. 

In the closure the author will discuss first the comments by the 
boiler manufacturers’ representatives and follow with remarks on 
the materials presented by the turbine manufacturers. 

B. J. Cross. 
the importance of a uniform rate of temperature rise. His 
statement, “The actual rate of temperature rise is of importance 
only to the extent that it may contribute to the equalization of 


This discusser reiterates the author's stand on 


temperature in the more massive parts of the structure,’’ should 


be enlarged upon to the extent that, in the opinion of the author, 
rate of temperature rise of drum water is the basie indication 
controlling superheater tube, drum. stresses, and expansions. 
Momentary extremely high rates of temperature rise are not 
injurious to the boiler and superheater, but such high rates con- 
tinued for a sufficient length of time would easily result in severe 
overstressing of superheater and drums. It is believed that a 
rate of rise of 500 F per hr, maintained for 1 hr, would not 
overstress superheater and drum. It is hoped that further work 
will establish more definitely the limits of the time-temperature 
rise relation. The foregoing statements are made on the basis 
that existing drum-end conditions have been corrected. 

By the installation of two simple baffles in each end of the drum, 
as shown in Fig. 25o0f this closure, and as suggested by Combustion 
differences. -top to 


ingineering Company, the 


at the drum end have been decreased from 235 to 145 


temperature 
bottom 
F, thus bringing the difference into the range of what has been 
stated by the boiler manufacturers as safe practice. 


'! Consulting Engineer, Stone and Webster Engineering Corpora- 
tion, Boston, Mass. Fellow ASME 
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graph, 
heater-tube failures caused by raising the gas temperature in the 


Rowanp. The statement in Mr. Rowand’s fourth para- 


“Experience has shown that there have been several super- 


superheater above safe limits before every one of the elements 
had been cleared and steam flow properly established in all of 
them,” is not applicable in the eases of the quick starts of the 
high pressure-drop superheaters with the large furnace envelopes 
arly in the the first of the 
factors under observation was listed as “Overheating of 


reported on in the paper. paper, 
prime 
the superheater-clement metal in the gas passages.”’ 

which ineluded in 


Generous 
sampling of superheater all cases 
“the last to clear’ 
in regard to the superheaters tested 
cold 
metal can be operated during the starting period within safe 
temperature limits and without resulting in shortening of normal 


elements, supports the conclusion of the paper 
“during quick-starts from 
superheater 


from 1 to 2 hr duration na the 


superheater-clement life.”’ 

Among the causes of superheater failures occurring during 
or shortly after starting — could be insufficient free blow capacity; 
a superheater design with very low pressure drop so that some 
elements do not have appreciable mass flow until the turbine- 
generator is partially loaded; «a superheater-outlet-header steam 
take-off design which lends to poor flow distribution in the ele- 
sudden and extremely high rates of firing to bring «a boiler 
at the end of a long slow starting period where there are 


ments; 
on line 
more possibilities of the superheater metal reaching gas tempera- 
tures than in the quick-start operation. Such considerations are 
all a part of superheater 
starting. 

Mr. Rowand’s statement, 
SA-212 drum plate, 
satisfactory with temperature 
bottom as much as 150 F when the temperature drop through 
as 80 F” does not mention pressure, but 
advised the author that the statement 


metal temperature problems during 


“Using 35,000-psi yield point for 
analysis indicates that this stress will be 
differences between top and 
the wall is as much 
this discusser since has 
covers full operating pressure. From a review of the test work 
it is evident that the maximum temperature drop through the 
drum walls oceurs at a very low pressure during quick-starting 
when the rate of heating is uniform, and that the temperature 
drop across the drum wall is probably in the order of one-quarter 
of the figure used by the discusser when full drum pressure is 


reached. Therefore, there is still further actual stress margin in 
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Bareies INSTALLED To ACTIVATE THE STAGNANT ENDS oF THE DRruM 


the drum during the demonstrated quick-starts over the condi- 
tions quoted by this discusser. 

In regard to the discusser’s statement that a series of couples 
located on the outside of the top and bottom of the drum, together 
with a pressure gage, should be sufficient to determine satisfactory 
starting-up procedures, it should be kept in mind that a multiple 
setup of calibrated gages of different ranges is necessary, and that 
the usual high-range operating drum gage is of little use in such 
The discusser’s proposal of the use of satura- 
tion temperature as skin 
temperature, will result in drum wall-temperature drop figures 
higher than these actually existing due to the inner drum-skin 
film transfer resistance. The latter, at surfaces wetted by 
saturated steam is much less than at surfaces wetted by rela- 
The author’s Fig. 62 gives 130 
134 F, and 79 F to check 

measured differences of 

shown on Fig. 
However Table 
mani- 


starting test work. 
an indication of drum sheet-inside 


tively stagnant drum water. 
F to compare with Mr. Rowand’s 
Mr. Rowand’s 70 F. The actual 
127 F and 81 F quoted by Mr. 
62 to be 70 F and 61° F, respectively. 
herewith, The table shows that the 


Rowand are 


is of interest. 


TEMPERATURE DROPS 
From Fig. From Fig. From Fig. 
62, lhe 75, 90 min. 83, 51 min 
start ER start, SC start, HG 
No. 50, No. 100, No, 11, 
deg deg deg F 


TABLE | DRUM-WALL 


Max difference between saturated tem- 
perature and outer-skin temperature 79 156 
at drum-top center ] 

Max difference between outer-skin and 
projected inner-skin temperature at 71 
drum-top center 

Max difference between outer-skin and 
projected inner-skin temperature at 63 
drum-top end 

Max difference between outer-skin and 
projected inner-skin temperature at 
drum-bottom end j 


mum temperature drop through the wall obtained from the 
difference between saturated temperature and outer-skin tem- 


as proposed by 
wall- 


perature at the top center of the drum 
Mr. Rowand guide for 
temperature drop at the other three locations of the drum. 
The high-temperature drop between the top drum wall-inner 
skin projected temperature and saturation temperature does not 


would be a good maximum 
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appear correct for the SC No. 100 start and will be made the 
subject of further investigation. 

A. R. Wetsmantie. This discusser’s detailed comment and 
analysis are very welcome by the author, particularly in view of 
the very limited time which was available for study of the paper. 

In regard to item (c) in the discusser’s list of principles in the 
first paragraph, i.e., “thermal shock at joints is to be avoided to 
insure tightness under pressure,’’ it should have been reported 
in the paper that there was no joint leakage experienced during 
or immediately following some thirty quick starts. It seems 
fundamental that on a quick start on a rolled-joint boiler design, 
the rolls will be less fikely to leak than on a very slow heating 
process, provided that on the quick-start the increased compres- 
sion stress in the roll metal of the tube is not brought to a point of 
permanent deformation. 


” 


The discusser’s words of caution in his second paragraph and 
their elaboration in following paragraphs are well put and timely. 
However, the author does not expect any immediate large follow- 
ing in the practice of quick-starting of boilers from cold; (a) 
because it is such 1 radical departure from present generally 
accepted starting procedures and “custom and practice’ has a 
strong hold on all of us —not easily broken; and (6) the central- 
station operator has a healthy respect for the equipment, and the 
investment it represents under his jurisdiction, and is not going 
to follow, with his own equipment, starting operations reported 
in the paper, without first setting up ample safeguards against 
possible damage. 

It is unfortunate in the cases of the superheater in the dis- 
cusser’s Figs. 11, 12, and 13, that no information is supplied on 
furnace envelope or superheater pressure drop on the steam side, 
because even with this type superheater there is a possibility 
that faster clearing of loops, more uniform flow in elements 
across the furnace, and consequently lower superheater-metal 
temperature, might be obtained by quick-starting than in the 
slow starts pictured. Superheaters of this design and arrange- 
ment do not exist on the Con Edison System so, unfortunately, 
the author is unable to demonstrate the possibilities of quick- 
starting on this type superheater arrangement. In connection 
with Mr. Weismantle’s statement, “good design dictates the use 
of at Jeast one intermediate header between primary and second- 


ary sections,”’ it is interesting to note there is no intermediate 
header in the superheater designs tested successfully in the paper. 

With Mr. Weismantle’s discussion of superheater performance 
during quick-starting under item 1 and item 2, the author agrees 
His Fig. 14 is also very interesting in its theoretical 
consideration. However, the author thinks more weight should 
have been given to the three points of HA 100, ER 60 and HG 10, 
during which starts much more uniform firing conditions existed 
than during the SC 100 and WS 90 starts; so that the curve 
would pass through 300 F at a 60-minute start-up time. 

Mr. 


performance considerations during quick-starting in reference to 


completely. 


Weismantle’s statement in item 3 under superheater- 
thermal stresses due to rapid changes in tube-metal temperature 
caused by clearing of the loops of water is not so definite as the 
author had hoped to obtain on this point. However, in regard to 
the influence on superheater tube life, the sudden cooling of 100 
to 150 F that occurs in a few minutes during a quick start, as 
shown in Fig. 18 of the paper, is also present to about the same 
degree in «a long start as shown by element No. 39 in Fig. 20. 
Therefore, the author thinks that the probability of this influence 
resulting in shortening of tube life is more theoretical than prac- 
tical. 

Mr. Weismantle’s mention of uncleared air pockets in the 
steam space of the drum if drum vents were small, indicates to the 
author that this is another point in the design of future boilers 


which should receive the manufacturers’ consideration in connec- 
tion with quick-starting. Perhaps there should be more and 
larger vents on future drums than is present practice 

The discusser’s suggestion of spraying water over all parts of 
the inner drum surface is not too practical in existing designs, but 
in new designs has real merit and is being done by one manu- 
facturer on recent designs. The need of such a method of wetting 
is not present on the shutdown operation where it is a practical 
and safe operation to accomplish the same end by raising drum 
level. Mr. 
Weismantle is an operation which, like quick-starting, needs more 
attention than has been given it to date by operators and de- 


The quick-cooling on large boilers mentioned by 


signers. 

Mr. Weismantle’s thought in regard to expansion, that there 
exists restraint and consequent stresses in both long and short 
starts merits the attention of all, particularly from the de- 
signer and erector. Certainly freedom from restraint should be a 
cardinal principle to be followed in all phases of design and con- 
struction. 

The author’s Table 2 perhaps has merited more attention than 
it warrants. It was incorporated in the paper not to present 
absolute values, but rather to indicate the general relative values 
of losses in starting, particularly inasmuch as, to the author's 
knowledge, no such comparative data exists elsewhere in the tech- 
nical press. If one wishes, the data in Table 2 of the paper can 
be corrected to include the heat mass of the setting, as suggested 
by Mr. Weismantle. 

The papers presented by the representatives of the three tur- 
bine manufacturers gave their latest thinking on the subject of 
turbine starting under all conditions. 

The author believes that the turbine starting-operation tech- 
nique used in connection with the quick-starting from cold of the 
boilers and the turbine data presented in the paper were entirely 
in line with the fundamentals as given in the papers of the manu- 
facturers’ engineers. 

Mr. Elston’s statement in regard to starting under various 
relations of steam temperature to steam chest metal temperature 
is in agreement with practices on the Con Edison System ex- 
cepting that, in order to avoid the case “C,"’ by-passes are in use 
or being installed so that case “B’’ will prevail in quick-starting 
of a turbine following an overnight shutdown. The by-passes 
also serve to circumvent a case “C”’ situation on restarting and 
reestablishment of load following a trip-out. The turbine data 
in the author’s paper demonstrates how, while quick-starting a 
boiler from cold, the turbine start falls in a case ‘B’’ situation, 
but at low-temperature levels, so that the time required to bring 
the turbine up to speed is limited only by rate of heating of the 
shell and consequent shell stresses, and also by differential ex- 
pansion. While in the paper '/, of the 1-hr boiler start from cold 
was used to accelerate the turbine, this time could be reduced 
further without adverse effect on the turbine. 

In connection with Mr. Reynold’s paper, the author agrees 
that in starting, the flanges should be heated as uniformly as 
Quick-starting of 
single boiler-single turbine units following week-end shutdowns 
in which the turbine steam chest metal is at 200 to 300 F before 
starting and the boiler is cold does not produce flange stresses 
above those proposed by Mr. Reynolds. This is true, as shown 
in the paper, for the case of starting a topping turbine where no 
load steam flow is appreciable, amounting to 15 to 20 per cent of 
maximum boiler output. In the case of quick-starting following 
a week-end shutdown of a similarly constructed condensing 
machine the flange temperature differentials and consequent metal 


possible together with the turbine rotor. 


stress would be far less because, to bring a condensing machine 
up to speed, requires 25 per cent of no-load full-speed topping 
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flows. Trouble on flange stresses comes, not from the quick- 
starting, but from loading the machine. It is to alleviate this 
situation that Con edison is now investigating horizontal-flange 
and bolt heating. 

Mr. Wilson’s enumeration and description of his company’s 
turbine design features to provide for freedom of relative move- 
ment of various parts of the cylinder and spindle is very interest- 
ing. The author wonders, however, if these features are not more 
necessary for periods of fast loading and unloading than for 
periods of quick-starting. As illustrated in the turbine-per- 
formance data in the paper by Figs. 92, 93, and 94, metal-temper- 
ature changes and resulting movements, while bringing the tur- 
bine to speed, are much less than in the loading period. 


Mr 
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Wilson’s use of the phrase “temporary distortion of quick- 
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starting’’ seems, to the author, an incorrect inference that tem- 


porary distortions occur in quick-starting and not in long starts. 
It is a principle of any turbine start that spindle-truth indica- 
tions be taken before steam is admitted so that seal strip 
rubbing be held to a minimum. If spindle truth is normal, a 
quick start can be made with less relative movement at seals 
than during a long start. Perhaps Mr. Wilson’s word “‘distor- 
tion’”’ is not to be taken literally. 

The yearly saving of $43,000, computed by Mr. Krieg for 52 
quick starts should be somewhat less because, as noted by Mr. 
Weismantle, the boiler setting and casing did not have time to 
their terminal temperatures at the end of the quick 
start. Therefore, the heat required for this purpose should be 


deducted from the apparent saving. 
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PE NO examine the origin of the heavy-press program, it is 
necessary to go back to World War I and to events within 
Germany. As the Germans emerged from that war they 

realized the necessity for capturing world markets and exploiting 
the technologies and the science which the German nation had 
used so successfully in building up its economy prior to the war. 
The Germans had learned to extract magnesium obtained from 
the salt mines in Germany. They also developed useful alumi- 
num alloys of the duraltype. First, they produced large castings 
successfully and then began to develop large extrusions and 
forgings. ‘They were probably the first to apply these to fast- 
moving machine elements where inertia is a problem and to make 
structural elements such as airframes, and so on. 

Landing wheels, wing attachments, and landing gears were 
designed to use the light metals and they first constructed a 7000- 
metric-ton press, followed by a 15,000-metric-ton press. It 
should be noted that large drop hammers did not produce satis- 
factory results, particularly for magnesium, where the forgings 
that resulted were of poor physical quality. 

It was found that both magnesium and aluminum alloys gave 
good results when worked under hydraulic pressure, which led 
to the design of the large forging and extrusion presses, 

As these original presses came into use, high-strength alumi- 
num alloys began to take the place of magnesium alloys. Two 
additional 15,000-metric-ton presses were built and the experi- 
ence was so encouraging that a 33,000-mctric-ton press was 
constructed. This in turn led to the projected design in 1944, 
for a 55,000-metric-ton press which was well along in design when 
the war ended. Germany’s experience with horizontal extrusion 
machines paralleled that with the forging presses. Thus at the 
end of World War II they had one 12,000-ton press in operation, 
two more nearly completed, and a 25,000-metric-ton press under 
design. 

Our own Air Force had first discovered the use to which the 
Germans were putting these large examining 
the wreckage of German planes as early as in 1942, whereupon 
the 18,000-ton forging press now installed at Wyman Gordon in 

1 Chairman of Board, Thompson Industries, Boston, Mass., and 
Special Consultant. Mem. ASME. 

Contributed by the ASME Aviation, Machine Design, Metals 
Engineering Divisions; Society of Automotive lngineers; American 
Institute of Mining and Metallurgical Engineers; and the Institute 
of Aeronautical Sciences; and presented at the Annual Meeting, 
New York, N. Y., November 30-December 5, 1952, of Tue Ameni- 
CAN Society or MecHanicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Sep- 
tember 18, 1952. 
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Worcester, Mass., was contracted for and built by the Mesta 
Machine Company. This press was first installed in 1944, 

As soon as American troops occupied Germany, the 33,000-ton 
press at Bitterfeld was observed by the Americans before the 
Russians removed it and set it up in Russia in August, 1945. 

It has taken approximately 3 years to develop the present press 
program which, because of its size, had to be done with govern- 
ment money, though the presses had to be operated under con- 
tracts by private industry. At present one of the German 15,000- 
metric-ton presses is in operation at Alcoa, Cleveland, Ohio. 
Another has been set up in a government plant at Adrian, Mich., 
operated under a management contract with Bohn Aluminum 
Corporation. Two 12,000-ton extrusion presses are nearing 
completion and the small 7000-metric-ton German press has been 
acquired as supporting equipment for the Mesta 18,000-ton unit at 
Worcester. 

Thus the American heavy-press program has been designed to 
overtake the lead brought about largely by German enterprise 
and which Russia was quick to seize upon and adapt to her own 
uses. Representing, when completely installed with its auxiliary 
equipment and building facilities, roughly one-half billion dol- 
lars, it probably represents the most rapid and far-reaching ad- 
vance in the art of metal processing in a relatively brief period 
of time that has occurred in our industrial history. Industry 
stands shoulder to shoulder with the Gevernment as a partner 
in applying this program, without which it is extremely doubtful 
that the high-performance supersonic aircraft could be built to- 
day as projected for our defense program, 


Tue Heavy-Press Sympostum 


The five papers which follow, with their discussions, con- 
stituting the symposium on heavy-press development, are de- 
signed to cover this program from the cast ingot to building the 
Details are given of the giant machines 
used to process them and their operation, 


machines themselves. 
In addition, an ex- 
planation is presented of the need for and the use for these large 
structures, 

The actual amount of knowledge with respect to large forgings 
and extrusions is necessarily quite limited. The respective authors 
are authorities on the several aspects of the program, but for the 
most part, the material contained in these papers was prepared 
some months before their presentation. Already progress in the 
Some of these de- 
velopments are covered in the discussions, and other subjects 


program has advanced to another phase, 


such as the treatment of magnesium and its alloys, and of in- 
process machining, i.e., fabrication of completed forging as 
delivered, will require future attention, 
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By G. 


This paper discusses the aircraft-industry requirements 
for large forgings and extrusions and supports these re- 
quirements by analyzing the effect of the trend in per- 
formance on aircraft structure, function, and production. 
The paper confirms that large integral structural compon- 
ents satisfy these trends better than a continuation of 
conventional “bits and pieces” It further con- 
cludes that large forgings and extrusions are the most 
economical methods to produce an integral-type structure. 
In addition, detail requirements of large forgings and ex- 
trusions relative to physical properties, tolerances, and re- 
finements are presented. Statistical studies are given to 
indicate the high potential use of large forgings and ex- 


trusions. 


HE airframe » manuf: acturers, forging, extrusion, ingot pro- 
ducers, the press-building industry, and the Air Materiel 
Command have co-operated in programs aimed at the re- 
quirements of forgings and extrusions in modern and future air- 
craft design. 
publie press, technical press, and trade journals for several years. 


structure. 


Discussions of this program have appeared in the 


This paper has been prepared to gather together and summarize 
the various ideas that have 
criteria that structural elements produced on large forging and 


been expressed and to restate the 


extrusion presses must meet, 

The Aircraft Research and a subcom- 
mittee of the Aircraft Technical Committee, the 
industry on the question of large forgings and extrusions (1).? 
In this survey, 
desire for large extrusions and forgings. 
trusions for purposes of this survey were described as follows: 
Light-metal alloy forgings, over 40 lb in weight or over 30 in. in 
length: 
or over 10-in-diam circumscribed circle, 


Testing Committee, 
surveyed 


practically all airframe companies expressed a 
Large forgings and ex- 


light-metal alloy extrusions, over 10 sq in. cross-section 
area, or over 100 Ib in 
weight. 

The data submitted in answer to this survey were studied by a 
committee of forging producers. The findings of this group 
established beyond doubt the necessity for larger forging and 
Actually, this 
was putting the final stamp of approval on a program which was 
already The 
highest-capacity forging press in operation today is a mere 18,000- 
The new program provides 25,000, 35,000 and 50,000- 
Maximum extrusion capacity under the new pro- 


extrusion equipment than is presently available. 
under way, based on earlier surveys and studies, 


ton unit. 


ton presses, 


! Production Engineering Department Manager, Lockheed Air- 
eraft Corporation 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the ASME Aviation, Machine Design, 
Engineering Divisions; Society of Automotive Engineers; American 
Institute of Mining and Metallurgical Engineers; and the Insti- 
tute of Aeronautical Sciences; and presented at the Annual Meet- 
ing, New York, N. Y., November 30-December 5, 1952, of Tue 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 18, 1952. Paper No. 52-—A-75. 


Metals 


W. PAPEN,' BURBANK, CALIF. 


gram will be 20,000 tons with presses graduated down in 12,000 
and 8000-ton capacities. 

Why did so many engineers in industry want large extrusions 
and forgings larger extruding and forging presses? To answer 
this, the effect of the trend in aircraft performance on the struc- 


The highest tonnage today is 5600 tons. 


tural, functional, and production design of airframes must be 
understood. 


TREND IN AtrcoRArT PERFORMANCE 


An industry geared to the transportation of the world’s people 
Reduced rates and in- 
creased efficiency can be obtained only by going faster and farther 
with heavier loads (2), Fig. 1. Carrying more cargo, whether it 
be people, freight, or bombs, faster and farther, requires constant 
development and research, lack of 
communication caused wars, and it must be accepted that lack 


and goods must constantly improve. 


Someone once said that 


of communication lose one. Our peacetime commercial 
life depends on the efficient transportation of people and goods, 
Victory in war has always gone to the nation that delivered the 


most effective materiel and personnel to the right place in the 


can 


shortest time. 

Transportation is the life of the aireraft industry. Aireraft to- 
day are carrving heavier loads and bulkier loads faster and farther 
than ever betore, 
have reached the limit 


and there is no logical reason to assume that we 
_Transports in the supersonic-speed range 
re still to come. Transports of sufficient efficiency to operate 
commercially nonstop from New York to London or Paris, or 
Los Angeles to New York, or many of the other standard long- 
are in the offing. These These 
and they can be obtained only by increased effici- 


distance routes we will have, 
we must have; 
ency through flying faster and higher and farther with heavier 
loads. Increased speed, range, and pay load induce heavier loads 
on the structure of the airplane, 
greater useful load-carrying volume, 
The higher service ceiling makes pressurization imperative. 

In keeping with this continuous upward trend in performance 
requirements, renewed effort must be expended to maintain costs 


require increased fuel capacity, 
and higher service ceiling. 


at a sufficiently low level so that cost: per ton-mile is reduced by 
the increase in performance. 

These performance trends will reflect themselves in one or more 
of the following ways on any given aircraft, 


Increased major over-all dimensions. 

Higher structural loads. 

Increased aerodynamic smoothness requirements. 
Pressurization. 
Thinner airfoil sections. 


GENERAL CONSIDERATIONS 


There are two ways to increase the load-carrying efficiency 
of a structural element, efficiency in this instance being measured 
One 
of these is to use material with a higher strength-weight ratio. 
The efficient distribution of the 
Continual improvements are being made in the physical and 


by the weight of material required to support a given load. 


other is more material used, 


mechanical properties of materials through alloying and refine- 
ment of metallurgical processes. Additional improvements can 


be made through mechanical processes. For example, the use 
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These graphical representations chart trends of speed, weight, range, and altitude improvement for fighter, bomber, and transport aircraft over the past 


16 vears 


of larger extrusion-press cylinders and pressures will permit 
greater reduction ratios. These reduction ratios have a direct 
effect on the final physical properties of any given extrusion alloy, 

The increased pressures available will make possible more effi- 
cient distribution of material through greater refinement of de- 
tail in both forgings and extrusions, thinner sections and closer 
All of the advantages of increased 
pressure are also available to reduce the weight and cost of smaller 


tolerances, and less draft. 
forgings and extrusions, This is an important consideration 
which is too often overlooked in the face of the more glamorous 
large extrusions and forgings. 

The conventional airplane structure can be increased in size by 
splicing on additional parts or by increasing the over-all size of 
the parts. It is more economical weight and costwise to double 
the size of skin sheets and plate than to obtain the increased sur- 
fuce area by splicing two or more sheets together. It appears 
more advantageous to use a one-piece 30-ft wing beam produced 
by extruding or forging than by splicing two 15-ft sections to- 
gether, It is more advantageous to increase the cross-sectional 
area of a beam cap or bulkhead flange by increasing the dimen- 
sions than to obtain the additional area by laminating or bits- 
and-pieces build-up. Therefore the dimensional growth as well 
as the greater loads can be most efficiently absorbed by the use of 
large forged and extruded elements (3, 4). This combining of 


parts as opposed to bits-and-pieces construction has been 
labeled “integrally stiffened structure. 
tegrally stiffened structure is to know the primary reasoning be- 


hind large forgings and extrusions. 


To understand an in- 


’oints on graph at which most notable new developments affecting performance were introduced have been marked and development listed.) 


INTEGRALLY STIFFENED STRUCTURE 
To meet the demands the performance trends indicate, larger 
wing, fuselage, and other components are needed, These new 
requirements in over-all size, higher loads, and reduced over-all 
manufacturing cost can best be obtained through integrally 
stiffened structure. 
specific subject (5): 


To quote from a previous paper on this 


“The name ‘integrally stiffened structure’ is applied to con- 
struction in which the skin and skin-stiffening elements are made 
of one part. This is in contrast with conventional structure, 
whichis built up of many individual fabricated sheet-metal parts 
held together by a multitude of attachments. 

“There are several methods of making integrally stiffened 
structure. It may be machined from plate or billet, or it may 
be forged, or rolled as a sheet product, or extruded, or cast —or 
may be made by a combination of these processes. 

“The immediate advantages of such a structure are the reduc- 
tion in number of parts and attachments and the reduction in 
handling expenses and assembly tooling. Other advantages also 
are generally obtained, such as reduced weight, improved surtace 
smoothness, and simplified sealing.” 

The Super Constellation inner wing lower surface is an excellent 
Table 1 is a break- 
bits-and- 
now 


example of an integrally stiffened structure, 
the the 
pieces approach and the integrally 


conventional 
stiffened 


down of differences between 
structure 
used, Fig. 2. 

The extruded integrally stiffened skin has one marked superior- 


itv over the machined type in that it permits the incorporation 
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EXTRUSIONS, AIRCRAFT INDUSTRY 


PAPEN  LIGHT-METAL FORGINGS AND 


FABLE COMPARISON PER AIRPLANE 
LATIC 


Conventional de 
sign, 120,000 Ib 
gross wt 


Total number of detail parts 1806 


Total attachments: rivets, screws, bolts 

nuts, ete... 41,000 
Weight of sealant (lower portion of 

wing only), Ib 
Total weight of structure including all 

nd sealant. ib 


Tt 
Of panels 
shown, center one is 32 ft long and is quite the largest panel of this type so 
far machined. Examination of photo discloses cross-sectional variations 
possible with machining approach. These variations compensate for net- 
area effects and local attachment contingencies. Simple rectangular stif- 
fener shape shown is a machining limitation, but integral construction 
allows reduction of spacing between stiffeners to provide more effectively 
or compressive loads.) 


of the more efficient T or L-stiffened section which, when con- 
sidered independently, permits about an 18 per cent increase in 
allowable column loading because of the more efficient cross- 
sectional material distribution (6, 7). Nevertheless, this does 
not represent the whole story since currently available extruded 
sections cannot taper or vary in cross section, as machined sec- 
tions ean, to correspond to local loading conditions and to com- 
pensate for net area reductions resulting from splices or attach- 
ment holes, Fig. 3. 

Therefore it is not possible to generalize that one is superior 
to the other. Their qualifications must be applied to the prob- 
lems of specifie designs to determine which should be used. 

However, when we consider these integral types in comparison 
with the standard assembled stiffened-skin construction, we find 
them in clear structural superiority, Figs. 4, 5, and 6. 

For one thing, there are definite practical limits to the closeness 
of the spacing of the attached stiffeners. Because of this, only 
about 80 per cent of the skin area can be really effective in skin 
gages in customary use, whereas with the integral type, we can 
achieve a 100 per cent skin working area, 

An additional important consideration is the unavoidable over- 
lap in stiffener-attachment areas and the inherent reduction in net 
area due to stiffener and other attachment holes which is an 
accepted corollary to assembled construction —but eliminated 
wherever integral structure can be applied. 

This same thinking can be applied to beams, spars, bulkheads, 
flooring, ribs, and other structural components. The structural 
advantages of integral structures are found in more efficient 
distribution of material, fewer splices, less material removed for 
attachment holes, all of which results in less weight. a 


WING LOWER SURFACE -1049 CONSTEL- 
IN 


Integrally stiffened 


- design, 130,000 Savings over 


Ib gross wt conventional, 
Savings per cent 
1472 


33,776 


a. 

hig. 3) INTREGRALLY SKIN-Panen. Deraiis 
Upper extruded skin picturization shows typical extruded skin cross section 
and exeellent section properties possible by extrusion method. Typical 
spanwise lap joint between extrusions also is shown Lower machined skin 
shows cross-section variations possible with machined method to balance 
out local attachment contingencies. Tentative interpanel spanwise lap 

joint also is shown.) 


\ section property comparison of a forged integral wing beam 
with a standard built-up beam of extruded cap strips and a shear- 
resistant web of plate stock shows that the attachment holes of 
the web assembly to cap strip and to upright stiffener can reduce 
the structural efficiency of the web. 

In any comparison of integral wing-beam construction with 
the conventional extruded cap-strip type, we must keep in mind 
the fact that taese extruded machined-tapered cap strips are in 
themselves limited examples of integral construction that com- 
prise up to 90 per cent of the beam cross-section area, 

Consequently, because of the high efficiency of this type of 
semi-integral construction, we do not get as sharp a definition 
of the advantages of the proposed 100 per cent integral construe 
tion here as we are able to achieve elsewhere. This is particularly 
true in the 12 per cent of chord-thickness wing and holds until 
we progress to the thinner wings approaching, say, 3 per cent of 
chord in thickness. Here, genuine integral construction shows 
overwhelming advantage, 

The net area reduction of attachment holes in thin wings and 
the necessary overlaps in attachment areas can reduce web 
efficiencies as expressed in the C, rivet faetor by 50 per cent. 
Also, the intermittent splices necessary to tailor web gages to 
decreasing stress requirements as the wing tapers toward the 
tip further reduces efficiency, 

Fig. 7, a shear-flow diagram of the web of a beam of conven- 
tional construction as opposed to integral construction, gives 
visual proof of the extra weight required by inefficient distrilu- 
tion of material in bits-and-pieces construction The shaded 
area represents the difference in weight between efficient and in- 
efficient distribution of material. Tntegral construction avoids 
all this by providing material of exactly the right cross section 
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CONVENTIONAL RIVETED CONSTRUCTION EXTRUDED INTEGRALLY STIFFENED SKIN CONSTRUCTION 
> 


¢ AIRPLANE 


QUTER PANEL 


SUMMARY 

WING-STIFFENEO LOWER SKIN STRUCTURE (COMPLETE) 
CONVENT-[EXTRUDED| ] XTRUDEO IN’ 
item (ONAL INTEGRAL SAVINGS ICAL TRINGER SECTION 
DESIGN _| DESIGN our) 
COMPARABLE NO.OF EXTRUDED OUT BD 

ATTACHMENTS "920 2696 FASTENERS STRINGER SECTION 
TENER: 

COMPARABLE NO. OF 
COMPONENT PARTS bd 

WEIGHT OF 

COMPARABLE STRUCTURE] '2'9L8S | 

$1993 49 | $3140 10 |-$1146 61 |-575%| 


COST OF 


$1603.62 | $426.08 | $125754 745% 
+ + - 


T 


TOTAL COST 
PER AIRPLANE $9577.81 


$3045 79) $1732 o2 | 1% 


hia. 4 INTEGRALLY STIFFENED SKIN-STRUCTURE COMPARISON 


kin construction versus extruded integrally stiffened skin construction is made 
wn is assumed to be of equivalent efficiency in both design alternatives.) 


Fic. 6 Forcep Warrie Patrrern INTEGRALLY 
STIFFENED-SKIN 
)ver-all dimensions and waffle arrangements for a 758 forged panel.  Rela- 
tive proportions also are shown.) 


vhen we need it and where we need it —devoid of overlap eccen- 


icities-and precisely corresponding to local attachment 
Fic, 5 Forarep Stirrenep Skin 
(Experimentally forged integrally stiffened aluminum-alloy skin panel was : . 
formed on an 18,000-ton forging pares reference 8. Skin gages as low as design is illustrated in Fig. 8. 
0.1 in. with 1.00 in. stiffener height were obtained with considerably lower 
forging pressures than anticipated, Inspection of illustration gives an This line of reasoning also applies to ribs, bulkheads, floor 
approximate idea of “‘as-forged™ dimensional alignment and finish now 

possible by means of press-forging.) supports, and other internal structural members. Many bolts, 


contingencies and stress requirements. A typical forged beam 
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FORGINGS AND EXTRUSIONS, 


AIRCRAFT INDUSTRY 


ys THEORETICAL STANDARD ASSEMBLED REAR 
WING BEAM ALLOWANCE WEB SHEAR FLOW 


ENVELOP 
wee 


INCHES x 103 


LANDING - SPRING 
BACK - TAIL DOWN 


— DESIGN ENVELOP (ALL SHEAR f 
i} FLOWS CONSIDERED POSITIVE) 


LBS 


POSITIVE INTERME 


ANGLE - TIP TANK EMPTY 
NO, 7.33 (CONDIT. 4) 
A 


SHEAR FLOW 


LLOWABLE WEB SHEAR FLOW 
PROPOSED INTREGAL FORGED BEAM 


(1 BM CURVE) 
O81 WEB 


~ 


& PLYON - BOMB POSITIVE 

INTERMEDIATE ANGLE - TIP 
TANK EMPTY #7 33 


Fic. 7 


on 


< 
hig. Forcep Wine Rear Beam 
(Current forged-beam thinking which calls for adapting conventional 


beam features to integral thin-web forged constructicn.) 


assemblec 


rivets, bits and pieces can be climinated through use of large 
integral elements, Figs. 9, 10, and 11. 

The smoothness of a finished aerodynamic surface is propor- 
tional to the stiffness of the skin between stiffening elements, 
type of substructure, number and type of attachments through 
the skin, and the number of surface joints. Integrally stiffened 
structure, by combining the skin with the substructure (doublers, 
stiffeners, formers), making possible closer stiffener spacing, 
also reduces the number of attachments and number of surface 
joints, all of which lowers the sources of surface irregularities and 
increases the probability of satisfactory aerodynamically smooth 
surface. Trailing edges and other secondary structure composing 
an aerodynamic surface are usually excellent places to realize 
the advantages of integral stiffening. 

Sealing of integral fuel tanks and pressurized areas is simplified. 
Sealing is required only in proportion to the number of joints, 
number and type of attachments through the pressure wall, 


TABLE 2 REINFORCED-SKIN SUMP-TANK STRUCTURE 


Integral 
Item Conventional extruded 
No. of comparable attachments 2684 1084 
No. of comparable component parts 217 141 
Comparable costs $586 $486 
Weight in lb of reinforced skin 25.5 19.28 
Weight in lb of comparable tank structure. . 60.7 54.45 


WING STATION - 


Wes SHEAR-FLOW COMPARISON 


(Shear-flow graph shows increase in web efficiency possible with tailored integral structure over conventional — 
assembly construction.) 


ry 


INCHES (SEMI-SPAN) 


iso 


Integral 
attach- 


whether 
structure 


this be skin, bulkhead, rib, or spar webs. 
reduces the number of joints, the number of 
ments, the number of faying surfaces, which in turn reduces the 
amount of sealing material and man-hours required to seal the 
structure either for tuel retention or pressurization, 


Propucrion CONSIDERATIONS 


The general application of large integral elements offers many 


important possibilities for cost reduction. However, of even 


greater importance, increased performance and weight reduction 
appear feasible without increased cost. Many instances of direct 
man-hour and tooling cost savings have been developed. The 
most apparent and readily acceptable savings are in indirect 
labor. Production control, stocking, inspection, transportation, 
tool planning are almost directly proportional to the number 
of different parts manufactured, Fig. 12. Assembly labor and 
assembly tooling are proportional to the number of parts that 
must be assembled. In many instances, savings in fabrication 
hours and tooling are apparent through a reduction in the number 
of different parts to be manufactured. 


much of the bits and pieces of manufacture and result in direct 


Large elements eliminate 


gains wherever the number of different pieces to be handled affects 
the cost. When structures consisting of presently available 
forgings, extrusions, and sheet stock are redesigned to take ad- 
vantage of integral structure, incorporating into one element 
the many individual pieces, savings in over-all manufacturing 
hours are realized. 

The fuselage sump tank, Fig. 13, is an example of the use of 
extruded integrally stiffened structure. 
and stiffeners in this instance reduces sealing material and man- 


The combining of skins 


Combining skins and stiff- 
eners eliminates the assembly time required to drill and rivet 
the attachments. Reduction in number of parts reduces all 
indirect and direct operations affected by the number of diferent 
parts to be manufactured, Table 2 


hours by eliminating attachments 
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Spar Attachment Bolt 


hic. 9 148 BULKHEAD STATION 
425 Forcing ASSEMBLY 
(Larger integral-type forging with thin-wall structural members and large 
web cutouts. Material distribution here ealls for relatively large forging 
area with minimum volume.) 
LONGERON FUSELAGE F-94 
755 ALUM ALLOY 


hig. 120 758 Puserace LOoNGeRon 


Illustration makes clear clean logical simplicity of integral design with its 
absence of multiplicity of attachments and detail parts.) 


Front Attochment 


hie. 10) Foraep 148 Aruminum-ALLoy Wing-Roor 
Kip 425 
(Larger type of conventional forging cut in middle to keep forged units within (Design details common to integral construetion with reduction in component 


maximum capacity of available forging facilities. This type of forging char- parts and various fasteners clearly discernible. Standards of workmanship 
acterizes one phase of current thinking and practice in this field.) possible with this construction also are illustrated.) 


ivH Exrrepep | LLY 
NED SKINS 


17128 0 & LENGTH 


Fig. 11) ForGep 758 Wine INpoarp Rip 


(Design details and relative proportioning of a forged wing rib with integral provisions for landing-gear retraction fittings. 
signed to replace a complex and expensive assembled structure of machined components 


This integral forging is de- 
components which are of forged, wrought, or extruded origin.) 


\ Ay 
Sy 
| 


The machining of mating surfaces between caps and end fit- 
tings, caps and webs, landing gear, flap and aileron support 
The 
rivets, screws and bolts which must be countersunk, dimpled, 
milled, and filled with smoothing compounds, reduces direct 
labor and increases surface flushness to a greater extent than 


fittings is eliminated. reduction in’ surface-attachments 


current smoothing techniques. 
Wuy ForaGines anp Exrrusions? 


Integral structure may be obtained by rolling, casting, hogging 
from plate or billet, forging, or extruding. Why, then all the 
emphasis on large forgings, and extrusions? Hogging or machin- 
ing from plate or billet requires tremendous machines and many 
machine-hours, A part machined from plate or billet is not as 
consistent in its mechanical properties as a part forged or ex- 
truded to finished or nearly finished dimensions. Mechanical 
properties in the center of thick plate or billet are questionable. 
Forgings have the added advantage of variable grain direction 
which generally can be tailored to the stress patterns of a specific 
design. The large percentage of stock going into chips is unfavora- 
ble, Figs. 14 and 15. 
high physical properties, nor have casting techniques developed 


Casting materials do not have sufficiently 


to the point where efficient metal distribution and thin sections 
can be obtained. Castings cannot be considered for primary 
structural elements until a casting technique is developed which 
Improve- 
ment in casting-alloy physical properties to values which can 


will eliminate the casting-design factor now required. 


absorb this factor and still compete with the wrought alloys also 
is needed to increase their potential use. 

Each of these forms has certain areas where they have some 
advantages over the others, but for over-all usefulness and general 
application, the most efficient structures for the lowest cost 
appear to result from large forged and extruded elements. 

LarGe ForGincs anp Exrrustons—QUALITY 


The large forgings and extrusions needed successfully to accom- 
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LIGHT-METAL FORGINGS AND EXTRUSIONS, ATRCRAFT 


DESIGN ALTERNATIVES 
(LH. SHOWN) 
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plish and fulfill the design and production requirements induced 
by the trend in performance of aircraft must. be better in many 
than the forgings generally The 
methods for obtaining some of these improvements in forgings 
have been a source of much research and development. This 
work must continue—specifically in the following fields: 

Draft angles must be held to a Practically all 
material contained in draft reduces the efficiency of the section, 


respects available today. 


minimum. 


There are occasions when draft angles can be used to advantage 
in design. However, generally speaking, as forgings get larger, 
the per cent of draft material, using present standards, would 
be reflected in tremendous and objectionable overweight. It 
must be eliminated during the forging process, not by machining 
in the airframe plant. 
where weight is not paramount, may interfere with mating sur 
faces. Also bolts, nuts, and other fasteners must have relatively 


Draft angles, even in those few cases 


= RAW MATERIAL _| 
MAGHNEO FROM] 389000 
| EXTRUDED PART | $213.00 
| CONVENTIONAL $245 00 
386" 
y 
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ALUMINUM-ALLOY SKIN Wrrn 
VERTICAL STIFFENERS 


(Relative comparison of raw-material costs between integrally stiffened types 
and conventionally stiffened panel is set forth.) 


FORGED UNIT 


SHIN DOUBLERS 
INTEGRAL 
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ATOR 


FORGING INHERENT ADVANTAGES 
CHIPS B/OR MATERIAL WASTAGE 
2 MINIMUM CARTAGE AND SHIPPING ANO HANDLING 
MACHINING 
GROSS AREA 436850 INS. 
Fic. Panev Stirreneo Leavine Evae Insoarp 


(Design alternatives of forged-wing leading edge versus machined-wing leading edge are relative ly evaluated.) | 
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flat surfaces to bear against. It is not economical to consider 
machining the inside faces of bulkheads and ribs, for example, 
to remove draft to provide flat bolt pads. It is not practical 
at this time to establish or accept any standard draft angle; 
suffice it to say that draft angles of 1 dez, 3 deg, 5 deg, must be 
made available, 

Tolerances also reflect an increase in weight or expensive ma- 
chining operations. Here again, no specific tolerance can be or 
should be established at this time. The greater precision of 
presses over hammers, the elimination of high impact or shock 
loads, the use of die holders, and the practical application of in- 
ternal heaters permitting close control of temperature are the 
technological reasons why close tolerances can be obtained. 
Forging draft and tolerances can require rework of as much as 
288.6 Ib from a 400-lb forging before it is satisfactory for aircraft. 
Tolerances in the extrusion field are primarily a matter of im- 
provement in die material and precision of diemaking and accu- 
rate control of the extrusion operation, 

Refinement of Section, Forgings and extrusions with thinner 
webs or sections, greater ratio of section-thickness differences, 
greater ratio of stiffener, leg, or protuberance height to thickness, 
reduced fillet and corner radii are available through the increased 
pressures available as well as the technological advances noted 
in the previous section (8). 

Procurement time both in the original order and in subsequent 
changes and there will be changes--will have to be timed to 
meet the requirements of the constant effort of the airframe in- 
Large 


forged and extruded elements must be designed into the proto- 


dustry to reduce delivery time on the finished product. 
type. Present efforts to reduce prototype spans on many models 
to 18 and 24 months, make it mandatory that forgings and ex- 
trusions be available in no more than 6 to 9 months from placing 
of an order, It may be necessary to establish a die-block ma- 
terial pool in addition to arriving at some solution to the shortage 
of die sinkers in training, both of which are potential bottlenecks. 


or ForGINGS AND EXTRUSIONS 


The potential application of large forgings and extrusions and 
the application of higher pressures to smaller forgings and ex- 
trusions is tremendous. For example, extrusions represent 17 
per cent of the raw stock of a fighter airplane by weight, 23 per 
cent of the raw stock of a patrol bomber, and 8.5 per cent of a 
commercial transport, The per cent of raw forging stock to the 
other stock by weight for the same airplanes is 3.5 per cent for 
fighter, 2.2 per cent for patrol bomber, and 0.8 per cent for com- 
mercial transport, 

The increased pressure available increases the physical proper- 
ties, decreases web thickness, reduces tolerances, and permits 
greater definition, thus opening a fairly extensive field for im- 
mediate application (9) 

As to the application to new structures such as skins or bulk- 
heads, or increasing the use of conventional structures like beams 
and spars, the following statistics are of interest: The surface 
structure between the beams of the wing and between the beams 
of the stabilizer of a patrol bomber is 8.6 per cent of the AMPR 
weight; on a transport, 7.7 per cent; and on a fighter, 7.6 per 
This then represents a possible 7.9 per cent increase in 
usage. If to this is added leading edges, ribs, and bulkheads, 
a really tremendous potential market is open for development. 

One of the major questions involved in establishing the re- 
quirements for tool and die making facilities is the effect of the 
great number of changes that apparently take place in aircraft. 
The retention of forgings and extrusions through various major 
design changes can best be illustrated by a few statistics. During 
the period from 1948 to 1952, the F-80 series went through five 
During this time and through these revisions, 


cent, 


model changes. 


NOVEMBER, 


1953 

an excellent retention of extrusion and forgings was maintained, 

Tables 3 and 4. 

TABLE 3 RETENTION OF 

Total 

used 


ALUMINUM-ALLOY EXTRUSIONS 
Retention, 
Period Retained per cent 
Various models 
1048 
1950 
1951 


1950 
1951 
1952 


RETENTION OF 
Total 
used 


TABLE 4 ALUMINUM-ALLOY 


FORGINGS 


Retention 


per cent 7 


Period Retained 


Various models 
1949 3 731 
1950 pst 645 


1951 : 605 


Fighter airplane 
1949 
1950 


1951 


What happened during this same period to some of the con- 
ventional elements that we now propose to make as forgings and 
extrusions? 

The wing surface of this same fighter, consisting of aluminum- 
alloy skins supported by extruded stringers and formers and 
doublers riveted thereto, did not change in sufficient respect to 
require new extrusions through five model changes and over 2300 
airplanes. Since the trend in any specific aircraft is always to- 
ward increased performance, the structural changes are always 
Therefore had any changes 
taken place in these structures, it would have been to increase 


in the direction of increased load. 


the size, which in most instances could have been handled in the 
same forging or extruding dies. In those cases where total re- 
placement was necessary, it was practically always with another 


forging or extrusion (see Tables 3 and 4). 
CONCLUSION 


It is difficult to summarize a collection of this type of data un- 
less it is assumed that all of che prognostications will come about. 
If this assumption is accepted, the following summary is in order: 

The trend in aireraft performance will result in a tremendous 
use for large forgings and extrusions, because large forgings and 
extrusions should be the most economical method of accomplish 
ing the following: 


1 Meeting the space limitations set. up in thin wings with 
high structural loads, 

2 Providing minimum weight by eliminating bits and 
pieces 

3. Improving sealing for pressurization and fuel by eliminating 
sources of leakage. 

4 Improving aerodynamic smoothness. 

5 Reducing man-hours required to fabricate and assemble 


aircraft. 


The final answer as to whether or not large forgings and ex- 
trusions will be used is the cost in national effort which must be 
expended to obtain them as finished parts in an airplane, success- 
fully accomplishing its mission. 
of the forging or extrusion, plus any subsequent operations on the 
part of the airframe builder to make an acceptable part, requires 
a smaller expenditure of national effort than any other means of 
accomplishing the same result. 


This necessitates that the cost 
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Only the combined co-operative efforts of the entire forging 
and extrusion industry from press designers through ingot pro- 
ducers through forging and extrusion producers, to and through 
the airframe manufacturers can accomplish all the promising gains 
to be had through the use of large forgings and extrusions. 
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Des sign and Cons tr -uction of Lar ‘ge For ging 
and Extrusion Presses for Light Metals 
By STONE,' PITTSBURGH, PA. 


The author, whose company is engaged in building — pally aluminum and magnesium alloys were actually almost a 
110,000 capacity tons of large forging and extrusion presses — century earlier, when Sir Humphrey Davy, in 1808, first isolated 
for light metals, gives a comprehensive review of all aspects | magnesium, and in 1809 almost succeeded in isolating aluminum 
of the current heavy-press program. An Appendix is in- Continued search for better and cheaper, and hence more commer- 
cluded which gives basic mathematical data pertaining to — cial methods of producing these metals, principally in France, 
forging and extrusion. Germany, and the United States, was kept up until in 1886 Hall 
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INTRODUCTION in the United States and Heroult’ in’ France developed the 
HE existence of light-metal forgings and extrusions is a electrolytic method of modern aluminum production, which 

relatively recent development. In fact, their importance really launched the indus try, around 1900, Fig. 1 
is largely associated with the development of the airplane As to magnesium, the German developments of Bunsen were 
and particularly the military airplane—although general indus- commercially and practically 
trial uses are currently verv much on the increase Germany led as the primary producer, although some industrial 

The beginnings of the light-metal industry--meaning princi- production both France aad the Dated Gtates dates back 

the 1860’s. The Dow Chemical Company produced its first 

1 Manager of Development, United Engineering & Foundry Com- ™agnesium as a by-product of bromine in 1916. Ame rican 
pany. Mem. ASME. production amounted to very little until the beginning of World 
, cg by the ASME Aviation, Machine Design, Metals War II when. in 1940. Dow installed its first plant for the elec- 

ngineering Divisions; Society of Automotive engineers; Ame nean trolytic recovery of magnesium from sea water at Freeport, Texas, 
Institute of Mining and Metallurgical Engineers; and the Institute ‘ ae cs 
of Aeronautical Sciences; and presented at the Annual Meeting, New rated at 9000 tons per year. At present, the United States pro- 
York, N. Y., November 30-December 5, 1952, of Tue American So- duces about one half the light metals used in the world, 

CIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be | die forging and extrusion-—-had their beginnings long before the 
understood as individual expressions of their authors, and not those 
of the Society. Manuscript received at ASME Headquarters, discovery of these metals, Forging, as the oldest of the forming 
September 18, 1952. Paper No. 52——A-76. methods, dates back to prehistoric times, reference being made in 
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The principal arts of forming light metals for airplane structures 
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the Old Testament to Tubal-Cain, seven generations removed 

from Adam, as “the forger of every cutting instrument of brass 

and iron’’—Genesis 4; 22. Forging, from that time onward for 

the next several thousand years, was manual—by means of the 

blacksmith’s hammer—until the thirteenth century. 

With the introduction of gunpowder into Europe in the 1200's, 
as a military propellant, a major revolution in the industrial arts 
commenced, The urge to make cannon involved larger blocks of 
metal and required better metal heating, and the trompe was 
developed, an air-blast method of heating metal to higher tem- 
peratures, Concurrently, attention was concentrated on making 
larger hammers, and the tilt-hammer came into being, driven by 
water power. These hammers increased in size slowly over the 
centuries until, in the middle 1700’s when the steam engine was 
invented, a maximum hammer weight of 1200 Ib had been 
reached. 

The use of steam engines instead of water wheels almost 
immediately stepped up the weight of hammers tenfold. The 
steam hammer, as such, was first conceived by James Watt, the 
inventor of the steam engine, in 1784, but it was more than a half- 
century later, in 1840, that the first steam hammer was built by 
Schneider in France, from sketches and designs of James Nasmyth 
in 1838. Nasmyth is credited with being the real inventor of the 
steam hammer, which is still a major forging tool today. The 
double-acting steam hammer, wherein steam is used to accelerate 
the weight downward in addition to the force of gravity, as well as 
lift the weight after each stroke, was developed in the two decades 
following Nasmyth’s invention. The steam hammer reached its 
zenith in size and importance in 1890 when John Fritz, of the 
Bethlehem Steel Company, built a 250,000-lb hammer for the 
forging of armor plate. However, the superiority of the hy- 
draulic forging press for heavy forging and optimum properties 
was by then making itself felt, and three years later the hammer 
was abandoned in favor of the first 14,000-ton forging press in the 
world, (1)? built in 1893, and still operated intermittently up to 
the present time. 

The hydraulic press, as a forging tool, had its beginnings with 
the inventions of John Bramah, in England, in 1795, although 
Pascal in the preceding century had first enunciated the funda- 
mental hydrostatic principle, ‘‘water pressure exerts itself in all 
directions alike, in a closed chamber,”’ Not only was Bramah the 
inventor of the hydraulic press, but also of the extrusion press, 
and in Fig. 2 are shown cuts of these early machines. Much is 
owed to Bramah, and his co-worker Maudslay, inventor of the 
U-leather, for launching the era of hydraulic machinery. Ac- 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. ‘ 
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tually, the first hydraulic forging press is credited to Fox in 1847, 

followed by Dubs in 1853 (1). Then the art followed two differ- 

ent trends. The open forging press for making such articles as 

ship shafts, steel columns, and the like, was pursued by Bessemer, 

1860, Whitworth in 1875, Davy Bros. in 1884, and so on. 


Recorps or Die ForGING 


The earliest records of closed die forging (2) indicate that the 
Colt Arms Company in the United States, about 1855, was mak- 
ing revolver parts by forming hot steel bet ween shaped dies being 
held in place under a steam hammer. Until this time only flat 
dies had been used, it apparently being the case that not sufficient 
force or pressure was available in earlier hammers to shape ar- 
ticles accurately. However, the art was really established with 
the development by John Haswell, an Englishman working in 
Vienna, as manager of the Austrian Imperial Railway Shops, of 
the first successful downstroking hydraulic press, in 1861 (3, 4), 
Fig. 3. Sizable parts, such as locomotive spoked wheels, connect- 
ing rods, crossheads, and so on, were made and exhibited by 
Haswell at the 1875 World’s Fair in Vienna, and the world was 
astounded at the accomplishments. 

The Haswell press was an important advance in press design, 


Fig. 3) Frrar Hypravutic Die-Foratne Press, py Haswe tt, 1861, 
anp Die-ForcED WHEEL 
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(a, Vertical press, 1795; 6, extrusion press, 1797.) 
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starting with the adoption of the Dubs idea of placing the hy- 
draulic cylinder in the upper entablature, with the ram pointing 
downward. Whereas in the earlier presses the lower forging tool 
was pushed upward against the upper fixed anvil (causing the 
work to be lifted with each stroke) and returned by gravity, the 
Haswell press overcame this objection and introduced the sepa- 
rate pullback system. Because Haswell’s press was essentially a 
molding or die-forging press, rather than a conventional open 
forging press, no moving manipulator table was included, Has- 
well’s presses were of the single-ram type, the initial one having a 
19-in-diam ram, 20-in. stroke, a working pressure of 5250 psi, 
corresponding to a capacity of 750 tons. Later presses were 
increased in capacity to 1200 tons and 3000 tons. 
Multiple-cylinder presses were introduced by Davy Bros. in 
1884, with their dual cylinder, inverted T-shaped moving-cross- 
head design, to resist eccentric loads better. In 1885 Tweddell 
(5) working with the firm of Fielding and Platt, proposed a three- 
cylinder press design, of the pulldown type, Fig. 4. | The primary 
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Fic.4 Tweppe u's Puttpown Design or Hypravutic Press, 1885 


advantages mentioned for this design were its lesser height above 
floor, freer overhead crane action, and the possibility of obtain- 
ing three steps of pressing capacity. Its disadvantages were its 
greater press cost, greater foundation construction as to depth 
below floor, and lesser accessibility for cylinder maintenance. 
There is no evidence that this design gained favor although some 
small presses of this type were built at the time. It is interesting 
to know that, currently, favor has been revived for this type of 
press, at least by one firm of designers. 

It is perhaps in order to mention, in connection with this brief 
historical review, the classical work of Tresca (6) on the flow of 
solids carried out in 1864 in Paris, Tresca’s exhaustive studies 
with lead disks, tin, aluminum, clay, heated wrought iron, and 
steel, under the actions of die-forging under the steam hammer, 
extrusion, and the like, did much to advance the art, and en- 
courage commercial ventures to go forward with a feeling of being 
on solid ground. 


Tue Extrusion Process 


While rapid progress in forging and die-forging was being made, 
dating from Bramah’s early inventions, somewhat less concurrent 
progress was being made in the field of extrusion. Bramah’s 


early concept of the principle of metal extrusion is contained in 
his patent granted in 1797, describing the press shown in Fig. 
2(b) “for making pipes of lead or other soft metals of all dimen- 
sions and of any given length, without joints’’ (7).* 

Bramah’s idea was to keep the lead molten in the iron pot a, by 
a fire beneath, and forcing the molten lead by means of a manually 
operated plunger 6, through a long tube ¢, which served as a die, 
within which was held a tapered mandrel d. The lead was 
allowed to chill as it approached the outlet of the tubular die. 
There is no evidence that extrusions were ever made in this way, 
but it records the earliest thinking, and it might be remarked as 
well that it carried the germ of the idea of die casting. 

About a quarter of a century later Thomas Burr constructed a 
hydraulically operated extrusion press, also for lead, in which the 
principle of the extrusion die, as we now know it, was incorpo- 
rated——and as well, the idea of the mandrel attached to the stem, 
and projecting through the die. In Burr’s machine the extru- 
sion chamber was charged by pouring molten lead in through the 
die orifice (extrusion took piace vertically upward) and after an 
interval of time allowed for solidification, the hydraulic ram 
extruded the tube. Burr also extruded lead strip. 

An improvement in the method of charging was introduced 
some time later by Shaw, also in England, in 1863, who em- 
ployed the practice of loading the press with precast hollow billets; 
he also introduced the idea of using tin-lined lead billets, and 
obtained, with considerable difficulty, tin-lined pipe. 
Shaw’s method of making the lead flow easier was to heat the 
extrusion dies. In 1867 (8) tapered lead pipe was first made by 
using a tapered mandrel attached to the main ram, 

This same year saw significant advances in extrusion-press de- 
sign for lead pipe by Hamon, in France, He built a press having 
for the first time provisions for heating the container up to 400 F 
by means of circulating superheated steam or hot gases through 
an outer jacket. The press also was provided with the first means 
of holding the die against the container hydraulically with suffi- 
cient pressure to prevent flashing. 

Shortly thereafter, in England again, Haines and the Weems 
Brothers, in 1870, simultaneously developed the indirect or in- 
verted method of extrusion. In this case, instead of the plunger 
advancing into the container, and forcing the metal out through 
the die located at the opposite end of the container, Weems lo- 
cated his die on the end of a stationary extrusion stem, which was 
bored out to permit the passage of the extruded pipe, and the con- 
tainer was forced by a ram to advance over the stem. More will 
be said of this process later which, while still being the preferred 
extrusion method for lead pipe up to the present time, has not had 
the success expected of it for the hot extrusion of light metals, in 
spite of certain technical advantages. 

During the next two decades attention was turned toward ef- 
forts to extrude harder metals and at higher temperatures— 
specifically the copper alloys. Problems of metal segregation, 
maintenance of temperature, magnitude of pressure, the provision 
of adequate dies, containers, and so on, were major stumbling 
blocks. It is, therefore, hard to overestimate the accomplish- 
ments of G. A. Dick, who really laid the foundation for the 
modern hot-extrusion process, His work, over the period 1880 
to 1894, culminated in his first patent in the latter year, his ex- 
periences being first published (9) in 1896 by his associate, P. F. 
Nursey, in which the design of his press, shown in Fig. 5, was 
discussed in detail. Dick, as manager of the Delta Metal Com- 
pany, London, was particularly interested in extruding the Cu- 
Zn-Al alloys, and concentrated his efforts on producing rods from 
billets 5 in. to 8 in. diam X 24 in. long, weighing 150 lb, and 


lead 


* Most of the history given is from Pearson's review (7) except 
where noted. 
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requiring metal temperatures of around 1000 FP. The press, as 
shown, was of the 2-column horizontal design, having an 18-in- 
diam hydraulic cylinder furnished with 4500 psi pressure, cor- 
responding to a press capacity of 600 tons, permitting him to 
utilize metal-extrusion pressures of up to 50,000 psi. 

Dick’s first attempts were repeated failures, as the best steels 
available at the time for containers would not withstand more 
than 7000 psi extrusion pressure at temperature —‘‘in all cases the 
cylinders bulged and developed longitudinal cracks, through 
which the metal was Dick’s accomplishments ulti- 
mately included the composite container, with annular rings of 
insulating material such as powdered graphite and borax, the 
tungsten-steel die, electrical heating of the container, the check 
disk or dummy block, various types of tapered and floating man- 
drels, and so on 

In addition, he extruded multiple rods, was successful in adapt- 
ing inverted extrusion, doubled his production from 25 billets in 
10 hr to 50 billets by going from the charging of liquid metal into 
the trunnion-mounted container to the use of preheated cast 
billets, and experimentally extruded aluminum, and even steel, 
accidentally “when one of the steel check disks remained inside 
The quality of 


” 


the container, and was squirted trough the die 
the extruded alloys showed an ultimate strength of 103,000 psi 
and an elongation of $2 per cent against the then current rolled-bar 
properties of 83,000 psi and an elongation of 20 per cent which 
really established the value of the hot-extrusion process, 


DeVELOPMENTS OF TWENTIETH CENTURY 


Thus we see that at the beginning of the twentieth century, just 
prior to the start of the light-metal era, both the hydraulic die- 
forging and extrusion processes were well established, and ready 
to be adopted as manufacturing methods for both aluminum and 
magnesium, It that both of 
methods were more vigorously pursued in Europe than in the 
United States, at least for the light metals. German press build- 
ers, and to a lesser extent the English and American builders, 
were the major suppliers of such equipment in the first part of the 


is significant to observe these 


century. 

By 1930 extrusion-press sizes had increased from Dick’s 600- 
ton press to about 4000 tons, and the largest hydraulic die-forg- 
ing press was 7000 tons (10) (in Germany) although much larger 
steel forging presses had been built earlier in the United States, 
Mngland, and Germany (1, 11). By far the larger volume of light- 
metal die forgings were being made on forging hammers, 

In 1931 the USSR ordered a 16,500-ton die-forging press for 
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light metals from Schloemann in Germany, and in 1934 this order 
was duplicated by the British Air Ministry, the press being in- 
stalled in the Birmingham plant of Jas. Booth, Ltd.‘ 

By the stuart of World War II, then, the Allies were somewhat 
ahead in large hydraulie die-forging presses for light metals, al- 
though by the end of the war the situation was somewhat re- 
During the war, Germany built three 16,500-ton presses 
two 


versed, 
and one 33,000-ton press (10) (currently the world’s largest) 
of the three 16,500-ton presses now being operated in the United 
States, one at the Cleveland plant of Aleoa, and one at the 
U.S.A.F. Adrian pilot plant, operated by Bohn. The third 
16,500-ton press and the 33,000-ton press are in the USSR 
and presumably responsible for their current. aircraft-production 
program. The only large die-forging press that operated in the 
United States during the war was the 18,000-ton press installed at 
the U.S.A.FP. Grafton plant, operated by the Wyman-Gordon 
Company, which really did not get going until 1945. 

By the end of the war, considerable progress also had been made 
in extrusion presses, England’s largest extrusion press was 6000 
tons (12), and the largest in the United States had reached 
5500 tons (13, 14). 
trusion press was in operation, and two were partially completed 
(10), One of these also is now in operation in the USSR, and 
one is being completed for expected operation in the United 
States by the end of 1953. 

The progress in press capacities just cited, plus the growing con- 
viction of the value of large monolithic structures in high-speed- 
aircraft design, has led up to the present great expansion in press 
As a result of studies since 


In Germany, however, one 13,200-ton ex- 


plants, sponsored by the U.S.A.F. 
World War IT, culminating in definitive plans at the beginning of 
1951, a large number of new heavy hydraulic die-forging and ex- 
trusion presses, together with accompanying plants, are under 
design and construction, Table 1. The magnitude of this expan- 
sion program, adding somewhat under 400,000 tons of heavy-press 
capacity, at a cost of somewhat under $400,000,000 including 
complete plant, is providing the United States with a command- 
ing position for the production of ever-better aircraft. 


PRESENT-Day PROGRAM 
To discuss in detail the design and construction of such equip- 
ment would not only be impossible in a paper of this scope, but 
would presume all too much on the ideas and convictions of other 
press designers. Our plan, then, is to point out various design 


* The author is indebted to Mr. H. F. James, formerly from England 
and currently with Harvey Machine Company, for these facts, in 
addition to General Wolfe's article (10). 
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possibilities and trends, with more particular reference to the 
35,000-ton vertical die-forging presses and the 20,000-ton horizon- 
tal extrusion press that the author’s company currently is design- 
ing and constructing. 
smaller presses, notably the 8000-ton cast-type die-forging press, 
the 12,000-ton Lombard extrusion press (being built by United), 
and to the Schloemann 13,200-ton extrusion press—as well as 
other press designs, in general, It might be well to add here, 
parenthetically, that the earlier contemplated 75,000-ton die- 
forging press and the 25,000-ton extrusion-press projects, for de- 
velopmental purposes, have been postponed in favor of the 
commercial program just outlined. 


Some reference also will be made to the 


TABLE 1 U.S.A.F. NEW HEAVY-PRESS PROGRAM® 


Designer 
and/or 
builder 
Baldwin-Lima 

Hamilton Co. 


E. W. Bliss Co. 


Operator 

Harvey Machine Co., 
rance, Calif. 

Kaiser Aluminum, Newark, O. 

Kaiser Aluminum, Newark, O. 

Wyman-Gordon Co. Worces- 
ter, Mass. 

Wyman-Gordon Co. Worces- 
ter, Mass. 

Alcoa, Lafayette, Ind. 

Curtis Wright, Caldwell, N. J. 

Kaiser Aluminum, Hale- 
thorpe, Md. 

Kaiser Aluminum, Hale- 
thorpe, Md. 

Reynolds Metals Co. 
nix, Ariz. 

Harvey Machine Co., 
rance, Calif. 

Reynolds Metals Co., 
nix, Ariz. 

Aleoa, Cleveland, O. 


Size (tons) and type 

25000 Die-forging Tor- 
35000 Die-forging 
25000 Die-forging 
50000 Die-forging 


35000 Die-forging 


| 20000 Extrusion 
12000 Extrusion 
Hydropreas Co. | 8000 Extrusion 


8000 Extrusion 


8000 Extrusion Phoe- 


8000 Extrusion Tor- 


Lombard Corp. 12000 Extrusion Phoe- 


(Built by United) 


{50000 Die-forging 


Mesta Machine 


\ 
(35000 Die-forging 
{35000 Die-forging 


Alcoa, Cleveland, O. 
Harvey Machine Co., 
rance 
Harvey 
rance, Calif. 
Alcoa, Cleveland, O. 


Tor- 


United Engineering & 


alif. 
Foundry Co. Machine Co., Tor- 


£20000 Extrusion 
8000 Die-forging 


® In addition to other presses cited in text. 


There are some significant differences between the more usual 
open forging press and the die-forging press. The die-forging 
press, because of the high specific pressures required to fill the 
dies properly, especially where light thin-walled sections are in- 
volved, are considerably greater in tonnage capacity relative to 
entablature aren. As an example. the $5,006-ton die-forging 
press in question has a platen area of 24 ft & 12 ft, corresponding 
to a significant figure of about 120 tons per sq ft, whereas a com- 
parably large open forging press built in World War IT, rated at 
14,000 tons, has « platen or entablature area of 23 ft * S ft 6 in. 
corresponding to about 70 tons per sq ft. 

Whereas open forging presses, especially for steel, and for other 
metals as well, must include the possibility of rapid stroking and 
accurate position control, these are of no concern in a die-forging 
press, velocity contro] during stroking being the particular re- 
quirement and forte of the latter, Another characteristic dif- 
ference between these two types of presses is in their daylight re- 
The 
14,000-ton open forging press mentioned previously has a max- 
imum daylight of 24 ft, whereas the current 35,000-ton die-forging 
presses will have a daylight of 15 ft maximum, which is on the 


quirements, which is the clear distance between bolsters. 


10 ft. 

Finally, as to speed of operation, whereas the earlier die-forging 
presses were slow, having idling speeds of 2 ips and pressing speeds 
of 1 ips, the newer presses will reach open-forging-press speeds of 
10 ips idling, and 2! The requirements 
of planishing, at up to 50 strokes per min for large open-forging 
presses, do not have their counterpart in the die-forging press, 
cycle operations at faster than 1 per min being rare. 


ips under full pressure. 


CONSTRUCTION 
Die-forging-press construction, even for the larger sizes, can 
take on various forms. Over the years the use of forged columns 
has demonstrated its abundant advantages —not that its use is the 
most efficacious in all cases. A case in point might well be the 
8000-ton single-cylinder press being designed and built currently 

for Aleoa Air Force. 
Owing to the relatively small entablature or platen area rela- 


under the aegis of the U. 3. 


tive to the capacity, corresponding to a specific figure of 250 tons 
per sq ft, coupled with the fact it is to withstand full pressure 
eccentric loading of 42'/, ft the long way of the press and +1'/, 
ft the short way of the press, a cast rigid-frame press construction 
is indicated as best, Fig. 6. 

At the other end of the size spectrum, perhaps we should again 
depart from the use of single-piece forged columns, where sizes 
around 75,000 tons or greater were involved. But for the range in 
between, the retention of the forged columns has been our choice — 
even going down to 500-ton sizes, for the more conventional open- 
forging-press designs. 

The 35,000-ton press, with possibilities of '/4, '/2, 8/4, and full 
pressure operation, without resorting to the extra complication of 
intensifiers, has 8 cylinders and 8 columns, essentially comprising 
four 2-column press units, in so far as the top entablature is con- 
cerned. This permits full proportional stressing of all columns— 
the units being free to stretch vertically independently of one 
another, yet keyed and bolted against lateral movement, Figs. 
7 and 8. 

Further points in general construction are to be seen by examin- 
ing more closely the cylinder and ram construction. Here we see 
the cylinders supported at the top, rather than on flanges at the 
open ends, eliminating a recurring source of cylinder failure, 
creating a generally improved cylinder stress condition, and 
minimizing cylinder distortion associated with packing-leakage 
problems. Further, all cylinders have pintle-type articulated 
rams, thus preventing any lateral distortions from unduly and 
adversely affecting packing performance and cylinder wear, 
These latter construction refinements have been our standard 
practice on large presses for more than 10 years, without any case 
of eylinder or column failure. 

Perhaps a final point in favor of forged columns is the possi- 
bility of their serving dually as press column and pressure piping, 
As shown, the press is clear of heavy piping surrounding the press, 
thus permitting the clean design achieved by locating both prefill 
and operating valves below the press and handy to the press 
operator, Columns, however, must be designed properly, par- 
ticularly as to the refinements in thread design, and securely 
attached to top and bottom entablatures, Our standard practice 
is to shrink them between top and bottom nuts at initial loading 
significantly in excess of the maximum forging loads; this pre- 
vents any working of the joints under continued operation of the 


press. 
Press MAINTENANCE 


The matter of press maintenance must be recognized in the 
initial design of such large pieces of machinery, Of first impor- 
tance is the possibility of maintaining and changing cylinder pack- 
ing. 
so that the entire crosshead may be lowered well below the nomi- 


This is accomplished by providing excess crosshead stroke 


nal low position, to permit the internal packings to be exposed for 
servicing. This type of internal packing has performed outstand- 
ingly in several large presses working around the clock over a 2- 
year period during World War II. 

Columns are another item requiring special replacement con- 
siderations, in the case of failure due to material flaws, or the like. 
In this design, to avoid providing space above the press amount- 
ing to at least 60 ft of additional height, as well as comparable 
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Pro. Moper or 35,000-To~x Dir-Foraine Press 


crane accommodations, the top entablature castings are arranged 
with side caps, securely held by adequate bolts and shrink links, 
which may be removed for the possible insertion of a new column, 
Thus the only extra height that need be provided corresponds to 
the thickness of the lower entablature plus clearance—some 15 ft. 

‘These presses, as built, will not be furnished with side cylinders, 
but, as indicated by 
design is adequate for the future addition of two opposed 5000-ton 


the dotted construction in Fig. 7(a), the 
side evlinders —by the addition of castings slidably anchored to the 
top and bottom entablatures, 

ejector evlinders necessarily are furnishe | for die-forging work, 
there being three 250-ton ejector evlinders in the base, and one 
150-ton ejector in the moving crosshead. Overriding both, if 
necessary, is adequate stripping capacity in the press proper, when 
using pushbaecks for raising the platen, to free any stuck forging. 
The reason for the higher-capacity ejector in the bottom of the 
press is that the major part of all the cavities will be confined to 
the lower die, the three evlinders being operated by three separate 
cylinders fully mechanically equalized so that the full 750 tons ean 
be exerted on a single chunky piece or distributed over long pieces, 
all ejector rods rising together to maintain straightness in ejection. 

It is expected that normal operation will involve the work being 
transported to and from the press by special manipulators work- 


ing along the long axis of the press. In the exceptional case, 


however, the die-manipulator table may be used for such purposes 


although much slower and less certain in operation, In the latter 


eventuality, ejection would still take place in the “in” position of 


the manipulator, the piece merely being lifted in or out of the die 
The die-ma- 
nipulator table is essentially the bottom bolster, being 24 ft long X 
12 ft wide & 2 ft thick, riding on wearing plates, provided with 
central sliding keys and locking cylinders, and operated by a pair 


by auxiliary means when in the “out” position. 


of 300-ton oppositely acting cylinders, both acting from one side of 
the press. Care must be taken to allow for temperature expan- 
sion of the sliding manipulator, as a result of thermal conduction 
from the heated dies, which will approach 600 F at their faces 


However, these dies may be 4 f{t thick, with thermal barriers pro- 


vided so that the bolster temperatures should be well below half 


these values, 


Weicut AND Size 


Dominating considerations throughout the design of large 
presses are the maximum weight and dimensions that may be cast 
These large 35,000-ton 
presses will have several castings weighing up to 450,000 Ib and 


or forged, machined, and transported, 
yet of such dimensions that they may be shipped. Fig. 9 shows 
how two heavy-duty flatears plus straddling beams permit trans- 
portation of extra-heavy pieces of maximum dimensions, limited 
solely by railway underpass clearances, 


mien or Tr moor L 


Press Urinizing Two Frarcars anp Srrappie Beams 


In this press, about two thirds of the total weight will be cast- 
ings, and one third forgings, the latter being principally the 
The 
maximum weight of forging used in 200,000 Ib being the weight of 
the 34-in-OD, 60-ft-long alloy-steel columns. The estimated total 
weight of the press proper is 5000 tons or 10,000,000 Ib— the 
auxiliary equipment adding another 4,000,000 Ib. 


columns, cylinders, column nuts, major bolts, and the like. 


The moving crosshead or platen exemplifies the type of built-up 
Carrying the upper bolster, 
to which the upper die is attached, will be a multiple-construc- 


construction referred to previously 


tion crosshead made up of five cast I-beams 24 ft long, 9 ft high, 
32 in. wide at the flanges, dovetailed and bolted together, with 
This 
multiple unit is capped with three transition blocks between the 


essentially full thickness webs in the middle-length section 


crosshead and the cylinder pintles, the two outside ones carrying 
the outside pairs of cylinders, and the double-size central piece 
carrying the four central eylinders. 
the reduced-capacity 


This construction permits 
operation mentioned earlier, by proper 
valve selection, from the operator's pulpit. Accordingly, one- 
quarter and three-quarters capacity operation involves diagonal 
cylinder utilization of the central four, thus keeping all loads 
centrally symmetrical, and obviating the necessity for resorting 
to the use of separate intensifiers, with the objections of extra 
cost, Maintenance, spares, and so on, 
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SrectaL REQUIREMENTS 


A consideration of paramount Pinortance that is being ree- 
ognized more and more by desigyc:: id operators, as a man- 
datory specification from the outset, is |!.at of permissible eccen- 
tricity of forging. All too many designers in the past have neg- 
lected this aspect of press design to their sorrow, as the so-called 
secondary stresses set up by eccentric forging may easily exceed the 
primary stresses due to central forging. And it is thus proper 
that the U.S.A.F. has recognized this matter, and specified in this 
case, that full pressure is to be exerted +2 ft off center along the 
long axis of the press, and +1 ft off center in the lateral direction. 
This means that proper provision must be made for a 35,000 « 2 
= 70,000 ton-ft eccentric moment, in addition to full central 
pressure of 35,000 tons. 

A study of several possibilities of accomplishing this satis- 
fuctorily was made in connection with a 14,000-ton open forging 
press built during World War II, having a specified eccentricity 
of 6 ft (eccentric moment = 14,000 * 6 = 84,000 ton-ft) and 
reference should be made to this study (1) in this connection. 
The matter is considerably modified for a closed die-forging press 
because of the compactnees of the latter, and the high specific 
platen loadings referred to earlier. 

The uncertainty of being able to count on the eccentric moment 
being shared properly by all eight columns, as would be required 
in any mechanical scheme, led us to the adoption of the hydraulic 
method of eccentric-moment equalization. As shown schemat- 
ically in Fig. 10(a), due to the nature of the work being forged, the 
resultant pressure P, of the main cylinders A, may be called upon 
to overcome the metal resistance at some distance away e, thus 
tending to rotate the crosshead out of parallelism, i.e., away from 
the horizontal. With two equal-area double-acting cylinders, 
cross-connected as shown, i.e., with the fluid (in black) locked in 
the circuit, then as the crosshead tends to move out of level under 
the action of the eccentric moment, Pe, a magnitude of fluid pres- 
sure is set up in the closed circuit, creating a reaction force R, 
such that RA = Pe and the eccentric moment is automatically 
equalized, without any mechanical contact with the press columns, 
and 80 on, 

The practical departure from this idealization comes about 
because of the inevitable compressibility of the lubricated-water 
pressure medium, the extensibility of the pipes and cylinders 
under pressure, and the possibility of fluid leakage. However, let 
it be said that all these, and several other provisions as well, are 
taken care of automatically in the system being provided on these 
presses, Actually, the equalizing and lifting eylinders are com- 
bined in one, the eylinders being connected in parallel during 
idling up and down, as is normal ineonventional press operation— 
Actually, 
four such cylinders are used, one at each corner of the platen— 
cross-connected diagonally, thus providing for eecentric loading 


and being cross-connected in series, when pressing. 


in any direction at any time. 

A significant property of the hydraulic-equalization system is 
that the eccentric moment is equalized by vertical forces only, 
there being no horizontal reactions introduced — This lack of sig- 
nificant side forces means that no substantial loads on the guide 
pins can exist, because the crosshead is free to float laterally 
(except for some small locating lateral hydraulic cylinders); hence 
guide-pin difficulties are expected to be minimized or eliminated. 
A desirable adjunct of such a hydraulic-equalization system is 
the possibility of having before the operator on his control pulpit, 
a continuous visual indication of both the magnitude and direc- 
tionof any eccentric condition during forging. This is accomplished 
through the agency of a spot of light on a ground-glass screen, 
playing over a diamond-shaped limit area or limit kern, having a 
2-ft half major axis and a 1-ft half minor axis. For repetitive 
work, the operator can learn from the first attempts how much 
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(a, Hydraulic equalization for 35,000-ton press. 
zation for 8000-ton press.) 


and in what direction he may shift the dies to minimize the 
eccentric forging conditions, 

Fig. 10 (b and c) shows schematically the type of eccentric 
forging provisions designed into the 8000-ton press, shown pre- 
viously in Fig. 6. For this ease, where the press structure is much 
smaller and more compact, utilizing a single 8000-ton cylinder, 
four appropriately heavy cast columns, capable of withstanding 
the considerable lateral bending loads associated with the lateral 
reactions 2, which now come directly on the columns, are ade- 
quately tied into the top and bottom entablatures through shrink 
links, 
forging moments will be equalized within the deep crosshead, Rh 
For die-forging work, where guide 


When this press is used for open forging work, eccentric 


= Pe, as shown in Fig. 10(b). 
pins are necessarily used for accuracy in die registry, the lateral 
forces will be less, since tor this case, Rh’ = Pe, where h’ is the dis- 
tance from the top of the crosshead to the plane of the die faces. 
In this case, of course, the guide pins must take the full magnitude 
of the lateral reaction, mitigated to some extent by friction effects. 


STATIONS 


Perhaps some general statements are in order regarding modern 
hydraulic-pressure stations for presses of the types being dis- 
cussed. In the past the steam-hydraulic intensifier was thought 
by many to be the most economical source of hydraulic pressure, 
and indeed this is still true in some cases. But a recent oppor- 
tunity to compare closely two essentially similar large presses (1), 
one using the steam-hydraulic intensifier and the other, electric- 
pumps plus hydropneumatie accumulators— indicates 
Indeed the general unavailability of steam makes its 


driven 
otherwise. 
choice doubly doubtful. 

in fact, all those being built under the current 
program—are based on using direct pumping plus air 
The hydraulic medium for hot-working presses, 


Most. presses 
U.S.A.F. 
accumulators, 
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such as open or die-forging presses, and extrusion presses, is 
properly water admixed with a small percentage of soluble oil, to 
prevent rusting. The hazard of fire, in ease a leak causes a fine 
spray of oil to come in contact with the heated dies or forging 
proper, if straight mineral oil is used, is a serious deterrent against 
its use, although in small low-cost presses, oil is used in con- 
junction with multiple radial piston-type pumps of the Hele- 
Shaw design. The use of this type of pump, moreover, must be 
confined to pressures below 3000 psi, and preferably 2000 psi in 
the larger sizes. General mechanical design difficulties have re- 
stricted the sizes of such pumps to the lower capacities, as well. 

For water, there have been some individual cases of preference 
for high-pressure centrifugal pumps (several in series, for the con- 
ventional pressure ranges used in large presses) but their lower 
operating efficiency, higher shutoff losses, and higher system 
pressure (at shutoff) have dictated a general preference for multi- 
cylinder reciprocating pumps, with either individual cylinder syn- 
chronized unloaders, or alternately, over-all automatic pump by- 
pass valves. The older, slow-speed horizontal double-acting 
geared triplex pumps, requiring considerable floor space are giving 
way to the higher-speed five or seven-cylinder vertical pumps, 
more often direct-connected to shaft-mounted synchronous 
motors, 

fapid idling of the press, both upward and downward, is 
usually provided by a low-pressure prefill system, around 100 psi, 
which pressure also serves as positive suction pressure for the main 
high-pressure pumps. 

Pump sizes ranging from 200 gpm to 500 gpm, at 5000 psi, 
driven by 600-hp to 1500-hp motors predominate, even where 
total pumping capacities of 1500 to 2000 gpm are involved. 
Hydropneumatic accumulators of increasing size are being pre- 
ferred, ranging generally from 2500 gal to 7500 gal each, resulting 
in lower investment cost, less valving and piping, and lower 
maintenance, 

All such systems must have overflow sumps, sump pumps 
system water coolers, low and high-pressure air compressors and re 
ceivers for accumulator charging, and soon. It is usual to provide 
sufficient accumulator capacity to keep the system pressure drop 
within 10 per cent under the longest stroke requirements, and in 
many cases even under adiabatic conditions instead of isothermal. 

For extrusion presses, where the pressure requirement usually 
decreases with stroke, the 10 per cent may be taken as a reduction 
in press capacity, Le only 90 per cent being available at the end 
of the stroke. In forging presses, and particularly die-forging 
presses, where pressure requirements usually rise toward the end 
of the stroke, the 10 per cent should be added to the rated capac- 
ity; ie., 100 per cent should be available at the end of the stroke. 


PREFERENCE FOR HypRAULIC PRESSES 


The growing preference for hydraulie presses over forging 
hammers for die-forging of light metals, particularly for large 
sizes, stems from many considerations Actually, many of the 
reasons are the same as those that led to the preference for presses 
over hammers in the case of steel forging at the turn of the cen- 
tury-—deeper penetration of forging work, better and more uni- 
form physical properties, and no objectionable vibration and 
foundation problems associated with heavy hammers. 

Citing experience on the 18,000-ton die-forging press at the 
U.S.A.F. Wyman-Gordon plant (15), compared with drop-forging 


‘ 


experience, their studies “proved that hydraulic presses provided 
the following additional advantages over the steam or drop ham- 
mer: 1, greatly extended die life by the elimination of impact 
effects; 2, only small draft angles are required due to a one- 
stroke operation plus the utilization of ejector facilities; 3, closer 
dimensional tolerance can be maintained, as dies are held in 
alignment during the complete forging cycle; 4, predetermined 
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die temperatures can be maintained on both the upper and 
lower die, resulting in less shrinkage and mismatch factors; 


cated forgings requiring undereuts and internal bores can be 
fabricated.” 

As to relative die life, considerable comparative experience has 
been had on smaller parts, such as pistons, connecting rods, and so 
on, Where press die life ranges from 50,000 to 75,000 forgings per — 
die set, as compared to L000 to 5000 per die set for drop forging 
Then, too, beeause of the absence of impact in press forgings, the | 
possibility of using cust dies instead of forged dies has distinet 
production possibilities, As to draft angles, beeause of the re 
quirements of rapid ejection when hammer forging, angles of from 
5 to 7 deg are required, whereas for press forgings, angles of 3 down 
to | deg or less may be used, depending on the depth of cavity, 
resulting in considerable weight savings ; 

Weight reduction also follows from the fact that the dies are — 
kept in alignment by the guide pins throughout the press-forging — 
stroke, as well as because of the reduced forging tolerances as a 
result of decreased mismatch. This latter comes about because of — 
closer control of die temperatures, which cannot be held closely in 
drop forging -it being appreciated that a 200 deg F difference in — 
top and bottom dies on a piece 20 ft long corresponds to a mis-— 
match of more than in 

As an illustration of the gains that may be attained in press — 
forging over drop forging, consider the case of a small wheel- 
hub forging, where direetly competitive forgings were made (16) 
by the two methods, the results being given in Table 2 


TABLE 2) COMPARISON OF DROP AND PRESS FORGING 


Drop-forged. Press-forged 
Ib Ih 
Weight of billet 35 14 48 
Weight of forging Is 60 12.88 
Finished-machined weight 10.55 10.55 
Metal removed by machining 855 2 83 
Fuel consumption 66.2 (bs of steam) 0.42 (kwhr) 


This shows a reduction in billet weight of 25 per cent and an even — 
greater reduction of 67 per cent in the amount that is necessarily 
removed by machining, not to mention the saving in fuel cost 

Figures such as these have led airplane designers to become — 
enthusiastic over the advantages of the “precision” forging press — 
as compared to the “erude”’ forging hammer. While this is true — 
to a considerable degree, the foregoing figures also reveal that, 
even in the case of the press-forging, a billet weight of 14.48 lb w as 
required to make a 10.55-lb finished part —an excess material re- 
quirement of 37 per cent. In the case of large die forgings, | 
particularly of the large-area thin-walled type, other considera-— 
tions necessarily enter which tend to make this figure even 
greater. What we are concerned with here are the departures in 
the finished die forging from the configuration as determined by 
the geometrical shape of the die cavities. 


ForGING PRessuRES 


In order to appreciate what is involved, we must first realize 
the great magnitudes of forging pressures that may be built up, 
especially in thin-walled panels. The role of friction between die 
face and workpiece can have tremendous effects on these required 
pressures, Let us consider first what happens in merely pressing 
a rectangular-shaped piece, of length L, and width w, which is 
many times its length (this is similar to the rolling problem of thin 
strip-—of width w, and contact length under a force The- 
first to appreciate the magnitude of effects involved, and who pro- | 
vided the first correct analytical approach, was von Karman (17) 
in 1925. Nadai (18), in 1939, expanded this earlier work, and 
based on their investigations the author evolved a relationship 
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(19) between pressure required to forge (or roll) and the basic 
yield stress of the material, that we write here as 


Pay, 
Pyp uh 
on. & t 
where 
Pave = mean forging pressure, psi 
Pyp = yield stress of material being forged, psi 


PMF = 
1.155 = 
‘= 
L= 


t= 


pressure-multiplication factor 

constrained vield-stress factor (Nadai) y 
friction coefficient between dies and workpiece 

length of workpiece, in.—short dimension 

thickness of workpiece, in. 


The derivation is given in the Appendix to point up the interre- 
lations of the various effects involved. Extending this same 
thinking to the forging of round thin disks (see Appendix), we 
obtain a corresponding relationship 


t uD 
o44 = PMF = 1 /ub\* {2] 


where 
D = diameter of disk being forged, in. 


Both of these expressions are plotted in Fig. 11 and show graph- 
ically how pressure increases of from 5 to 10 times may be ex- 
pected, when the value of the parameter w/t or wD/t reaches 3 
to 4, 

That such PMF values are not unusual is attested to by experi- 
ments by Dietrich and Ansel (20) in 1947, on the forging of mag- 
nesium alloys, and by Schroeder and Webster (21) in 1949, on 
aluminum forgings. Both of these groups compressed circulan 
panels or disks. In the first case, a magnesium-alloy cylinder, 
3’/, in. diam X 5 in. high was compressed to a disk 15 in. diam 
x '/, in. thick, the specifie forging pressure rising from an ini- 
tial value of 7000 psi (yield stress for J-1 alloy at 700 F) to a final 
value of 63,000 psi corresponding to a PMF of 9.0. At this con- 
dition, the D/t ratio was 45/1, and based on a friction coefficient 
of w = 0.10, the u4D/t value was 4.5, thus checking the observed 
value of PMF = 9.0 (see Fig. 11). 

In Schroeder’s case, thin disks were used, and PMF values of up 
to 12 were obtained. From a further examination of the curves 
in Fig. 11 we see that the pressures required to forge a narrow 
rectangular panel as compared to a circular panel, having the 
same thickness, and having L = D, are of the order of twice as 
great; this is because of the constraint to flow in one dimension. 
We see further how important a role the thickness (or thinness) 
or rather the ratio of diameter to thickness (D/t) plays in increas- 
ing the required forging pressure, but not less so than the value of 
die friction 4. If there were no friction at all at these interfaces, 
then it would be fully as easy to forge a thin panel as a thick one; 
and thus it must be appreciated how important it is to continue 
research on ever-better lubricants for die-forging applications. 

Let it be realized further that, when the average pressures are of 
the order of 10 times the yield stress, the peak pressures existing 
in the center area of the disk may reach 50 times the yield point, 
as predicted from the exponential! increase in pressure from out- 
side to center (according to Equation [11], Appendix). In ex- 
plaining their findings, Dietrich and Ansel assumed such a dis- 
tribution to exist (by analogy to the narrow rectangular case) but 
we prefer the more rigorous development of Schroeder, fortified 
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further in our development in the Appendix. Full-size experi- 
ments carried out by Motherwell (22) on the Wyman-Gordon 
18,000-ton press, utilizing full pressure, when making pancakes by 
squeezing cylinders, show the same type of results, Fig. 12. 

The main point that we are leading up to is that, under these 
high compressive stresses, the accompanying press-die distortions 
become an inevitable and unavoidable consequence. Mother- 
well’s experiments (22) were made in order to show in reality what 
must be contended with in the die-forging of these panels, in spite 
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a. 
STONE-—DESIGN, CONSTRUCTION, 
of the massive construction of the heavy presses that are em- 
ployed. 


SIZE OF PANELS 


To most people it comes as a sort of shock to realize how small 
are the largest panel forgings that can be produced on our new 
large presses. For instance, a 35,000-ton press, when producing a 
forging requiring 60,000 psi average pressure, can produce pieces 
having an area no larger than 4 ft X 2ft. And even over these 
relatively small panels, the accompanying thicknesses are far 
from uniform, 

Motherwell’s tests point up these facts very well (see table in 
Fig. 12). In test No. 4, for instance, when a pancake or disk 
25 in. diam X 7/,¢ in. average thickness was produced between flat 
dies on the 18,000-ton press using full pressure, the thickness in 
the center was 0.560 in. and the thickness at the edge was 0.315 in. 
corresponding to a variation in thickness of 0.245 in. over a dis- 
tance of only 12'/2 in. It has been thought by many that, to 
mitigate such variations, the press crossheads, platens, entabla- 
tures, and so on, must have maximum bending rigidity, and, 
while this is somewhat true, let it be realized that the calculated 
bending deflections of the platen and base entablature under the 
most concentrated loading conditions (full 35,000 tons on a die- 
base area of 2650 sq in., corresponding to a 58-in-diam circle) are 
less than 0.010 in. over the length of the forging being formed, It 
is soon realized that the real causes of forging inaccuracies (mean- 
ing the departure of the finished forging from the geometrical 
shape of the dies) are the compressive deformations (all within the 
elastic limit) of the dies, bolsters, platens, and the like, about 
which little or nothing can be done. In order to appreciate these 
influences, it is at once evident that the most rigid press imagina- 
ble would be that “‘ideal’’ 
infinite 


having die sets composed of two semi- 
solids. 
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i. 13 Press-Die Derormations Unper Ipeat Conpirions: 


£2. CONSIDERING Press as Parr oF Semi-INeinite 


If now, a circular disk panel were compressed between two such 
semi-infinite solids, as shown in Fig. 13, then we ean calculate 
quite accurately the maximum deformation of the plane surface 
Under the action of the compressive force P, 


acting as die faces. 

resulting in exponential pressure variations as explained earlier, 

the expression fer the m: die deformation, as sloped in 


the Appendix, is 
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Weenter = 


where 


vertical deformation (z-direction) at center of disk 
Poisson's ratio for die material (= 0.3 for steel) 
diameter of disk being forged 
modulus of elasticity of die materia! 
(= 30 X 10° psi for steel) 
= compressive yield stress of forging, at temperature 
= coefficient of friction between forging and die faces 
= average thickness of disk forging 


Weente 


Using the numerical data of Motherwell's test No. 4, where D = 
25 in., Pyp = 12,500 psi, uw = 0.065, and t = 0.430 in., mak- 
ing uD/t = 3.9, we calculate wWeenter = O.119 in. 

It is interesting to note that the expression 


appears again, as it has before in « somewhat different connection, 
The calculation of w at any radius r involves expressions that can- 
not be integrated readily, and so we limit ourselves to the evalua- 
tion of w at the edge of the disk by laborious numerical integra- 
tion methods to be wedge = 0.040 in. Thus the corresponding 
caleulated variation in disk thickness from center to edge = 2 
(0.119~- 0.040) = 0.158 in. This means that the least thickness 
variation that could be hoped for, for the ideal press, would be 
0.158 in., whereas the actual 18,000-ton press resulted in a figure 
of 0.245 in.--not too great a spread and, of course, many times the 
0.010 in. 

It is perhaps of interest 
assuming the pressure to be uniform over the disk area, as ex- 
been developed, see Timoshenko (23) 


bending-deflection value. 
to calculate both weenter and Wedge 
pressions have already 


where 


(1-— v?) D pave 2(1—v*) D pave 
Weenter = and Wedge = rE 

These come out a8 Weenter = 0.056 in. and Wedge = 0.036 in., and 
indicate again the profound effect of the “peaking’’ of the pressure 
at the center of the disk. 

In general, then, it is to be realized that the most rigid die- 
forging presses that can be constructed practically are still sub- 
jeeted to considerable deformation under the high forging pressures 
that must be contended with, and that the term ‘precision’ forg- 
ing must be interpreted accordingly. Practically, of course, com- 
pensation for such deformation can be made in the design of the 
dies, primarily by trial-and-error methods, whereby properly 
tapered die faces will result in essentially constant thickness 
panels. 


Party Use or tHe Exrrusion Press 


Whereas die-forging presses were first developed and applied to 
ferrous metals, and subsequently to the light metals, the reverse is 
true for the extrusion press. The first major use of the extrusion 
press was for the production of copper alloys, and later for the 
light metals —and only now is there significant promise of a com- 
mercial future in the ferrous field, As to extrusion-press con- 
struction, per se, the major developments, as has been discussed 
earlier, took place before the turn of the century, when Dick built 
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his 600-ton press, capable of handling billet sizes of the order of 
500 cu in., at a maximum rate of 5 per br. In the intervening 
time, no radical departure in principle has taken place, although 
progress of great significance certainly has been made— when it is 
realized that today we are building giant-size presses having capaci- 
ties up to 20,000 tons, capable of handling 60,000-cu in. billets on 
the one hand, and fast presses (in the smaller sizes) capable of 
producing upward of 100 billets per hr, on the other. 

The principal factors responsible for this progress can be said 
to be the urge for ever-larger and faster machines; the develop- 
ment of the separate piercer, permitting the sequence of succes- 
sively piercing and extruding solid billets into tubes and the like; 
iunprovements in press construction to maintain better coaxial 
alignment of working parts, and simple adjustments for wear, 
contributing greatly to concentricity of extruded tubes, and the 
like; the evolution of superior steels to withstand the combination 
of high stresses and abrasion at elevated temperatures — for con- 
development of auxiliary 
equipment for conveying billets, charging the billet container, 
manipulating and locking the tool container, cutting off the ex- 
allof which have increased the 


tainers, dies, stems, and mandrels; 


trusion and separating the discard 
speed of operation; and the introduction of improved hydraulic 
systems, principally the hydropneumatic accumulator and better 
control valves, for speed regulation. 

Dick’s original hot-extrusion press was of the two-column type, 
and departed from earlier cold-extrusion presses in that the axis of 
the press was made horizontal, rather than vertical, to facilitate 
handling of long hot extrusions. Vertical presses are still used up 
to the present for lead-extrusion work, where the tonnages are low, 
handling is simpler, and the lesser floor space is an advantage. 
In fact, it has been claimed that a primary advantage still exists 
for the vertical construction, in that it is easier to secure and main- 
tain alignment, resulting in more uniform metal flow and better 
tolerances, but the extreme head-room requirements for the large 
presses, the complication of work handling, and the improvements 
in horizontal press construction have largely eliminated the 
vertical press as a preferable construction. 

As presses grew larger, the two-column press construction gave 
way to the three-column, and later to the four-column construc- 
tion. The three columns usually were arranged with two at the 
bottom and one at the top, which prescribed that the billet con- 


An 


interesting attempt at one-piece extrusion-press construction was 


tainer be removed laterally when being installed or replaced. 


brought out by Krupp in the early period of development, where- 
in a solid cast-steel yoke (like a rolling-mill housing on its side) 
was used, but this idea did not progress past the small-press stage. 


IcxTRUSION-PRESS DEVELOPMENT 


Early presses used cast-steel main cylinders, and in some cases, 
cast-steel cylinders with integrally cast lugs for ettachment to the 
press columns. High hydraulic pressures were used from the very 
beginning, of the order of 5000 psi, to keep the press sizes within 
practical liniits. Periodie failures of these early constructions led 
to the separate cylinder, and later to the alloy forged-steel 
cylinder, At the opposite end of the press, the die container must 
withstand the full foree of the press against the end platen, with 
the billet container in close proximity to the die container during 
extrusion. After extrusion, the butt or diseard is left unextruded, 
and must be cut off and removed. 

Early and recent constructions recognized that billet and die 
containers necessarily were held firmly against each other under 
positive pressure, to prevent “flashing’’-—the more usual construc- 
tion being that a lateral cylinder-operated wedge was driven 
between press platen and die container to force it rearward 
against the billet container. Some constructions, as the Krupp 
press, shift the billet container rearward by means of separate 
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cylinders —after the extrusion work is completed —thus exposing 
the butt and providing space for a shear and/or saw for removing 
the discard. Other designs, after retraction of the wedge-shaped 
gate lock, permit the die container to move forward through the 
press platen, to have the butt removed on the runout table, the 
billet container remaining fixed in position. 

Closely associated with butt-removal provisions are the various 
arrangements for billet charging. Billets are usually brought on- 
to the center line of the press, between the stem and the billet con- 
tainer, the stem being retracted sufficiently and the press columns 
and main ram stroke being adequately long to permit this method 
of operation. In other cases, in order to keep press length and 
stroke to a minimum, the billet is introduced by having the stem 
slide laterally on the face of the crosshead, thus allowing the billet 
to be brought onto the center line of the press and shoved into the 
container, before the stem is recentered for the pressure stroke. 
Another variation is to move the billet container laterally off the 
center line of the press to an “out”’ position, where the billet is 
charged, and the loaded container then returned to its operating 
position, Still another variation involves shifting the container 
axially rearward over the stem thus permitting the billet to be 
charged between the container and die. 

In the extrusion of tubes, one of the early uses of the extrusion 
press, a solid mandrel is required, projecting through the die, and 
between which the tube is formed. The earliest method of pro- 
viding such an internal guide or mandrel was to attach it to the 
die holder with radial ties, around which the metal flowed (as 
is still done with lead), but later methods for hot extrusion either 
attach the mandrel solidly to the stem, or fasten it with a fixed 
amount of axial clearance, permitting it to act as a floating man- 
All of these methods, 
for accurate tubes, require that the billet be hollow-cast, pre- 


drel, resulting in more concentric tubes. 


pierced, or machine-bored, 

A major development in modern extrusion presses has been the 
incorporation of a separate piercer cylinder, located on the center 
line of the press, usually behind the main eylinder or cylinders. 
Sufficient capacity is provided so that the billet is pierced while 
being held or even slightly upset by the main crosshead, after 
which the crosshead and piercer advance together to complete 
the tube 
tions of piercing and extruding, is much cheaper than using 
specially prepared hollow billets, but requires accurately built 


This procedure, which combines the successive opera- 


and properly msintained presses, with simple provisions for 


wear take-up. Of course this combination operation may be 
carried out with the attached-mandrel construction, but the re- 
sulting inaccuracies because of the loosely fitting billet in the 


container make it undesirable, 
Larest Desian 


As an example of the latest in extrusion-press design, let us 
consider the 20,000-ton press being built as a part of the U.S.ALP. 
program. Because of its great capacity, full tonnage is provided 
by five 4000-ton eylinders, four acting directly on the main cross- 
head, and the fiith acting as a separate piercer or as an additional 
main eylinder, at the choice of the operator. By proper valve 
‘eetion, '/s, 9/5, 4/5, or full eapacity may be chosen for a given 
operation. 

The four main cylinders are located symmetrically on the 
horizontal and vertical center lines of the press, with the piercer 
cylinder located on the longitudinal center line, and to the rear of 
the four main cylinders, Fig. 14. 

The press is of the four-column type, each main column being 
31'/,in, OD, of alloy steel, and some 70 ft long, weighing upward 
of 200,000 Ib each. The column spacing vertically is 100 in. clear 
and horizontally, 132 in. clear. The columns are fastened to the 
eylinder housing at one end of the press, and to the platen at the 
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other end, being held by shrinking between-pairs of specially de- 
signed nuts, at initial loadings in excess of maximum operating 
The eylinder-housing structure, because of casting, 
machining, and transportation limitations, consists of four unit 
entablatures, each carrying a 4000-ton eylinder, and straddling 
a pair of contiguous columns, the top and bottom units each 
carrying one of the two 1200-ton pullback cylinders. 

Through the center of the multiple entablature structure is a 
cylindrical passageway that permits the free through-motion of 
The piercer evlinder 


loads. 


the piercer rod, in adequate guide bearings. 
housing, located some 45 ft behind the main evlinder housing, is 
held in position by four 13! /:-in-diam columns, on the same center 
lines as the main columns, and attached firmly thereto, the two 
100-ton piercer pullback eylinders being mounted on this same 
housing 

The main crosshead, which carries the pressure stem, and per- 
mits the through passage of the piercer rod, is made up of two unit 
the other, 
again because of constructional and transportation limitations. 


castings, arranged in cruciform fashion, one behind 


The main press platen, which houses the die or tool container, is 
provided with a large central hole or passageway, through which 
the extrusion and 
through which the tool container moves, together with the butt 
end of the extrusion, for separation purposes, The clear hole 
through the tool container itself is such that an extrusion cir- 
48 in. 32 in. vertically 
may pass properly and the clear passage hole through the platen 


passes on its way down the runout table, 


eumscribed by an ellipse horizontally x 
(through which the tool container passes) is 68 in, diam. 

(As shown in Fig. 14, the over-all length of the press proper is 
140 ft 8 in., not counting the runout table, which adds another 
150 ft The press is 27 ft 11/5 in. high (being 17 ft 1'/s in. above 
floor) X 24 ft 6in. wide. Many of the component castings weigh 
as much as 425,000 |b, finished weight, and the largest forgings 
QGnain columns and main cylinders) reach 200,000 Ib. The 
estimated total weight of the press proper is 3500 tons, or 7,000,- 
000 Ib, the auxiliary equipment adding another 4,000,000 Ib. 


OpeRATION OF 20,000-Ton Press / 


The maximum billet size that the 20,000-ton press is to handle 
is 32 in. diam X 80 in. long, corresponding to a maximum billet 
weight, in aluminum alloy, of 6000 Ib, and 17,000 Ib in alloy steel 
up to 41 in. 

the billet-container 


although future considerations may reach diam. 


Providing for a duramy block length of 8 in., 
length is 90 in. The simplest method of billet-charging, permit- 
ting the most rugged construction of press, has been eleeted in 
The billets ar billet carriage in the 


this cause. « loaded onto the 


out position located some 12 ft 9 in. off the center line of the 
press—the carriage being shifted horizontally by a fixed-stroke 
hydraulie eylinder to bring it into accurate position direetly in 
front of the container, and comprising aanotorized screw-operated 
lift for vertical presetting. 
in the same manner, being positioned in front of each billet when 


The dummy blocks also are handled 


in the out position. 
Because of this method of charging, the maximum stroke of the 
The 


which has provisions for carrying various types of mandrels, 


press crosshead is necessarily 180 in. (15 ft). piercer ram, 
tapered and otherwise, has a much greater stroke, since the man- 
drels must project through the dies at least 2 in at the 
beginning of extrusion of an 80-in, billet, so that its stroke is 262 
in. (21 ft 10 in.). In order to permit the piercer ram to be 
stopped at any position in its stroke, when it is operated independ- 


even 


ently, a motor-operated full-pressure stop is provided, mounted 
addition, for use 
piercer ram is adding its force to that of the main crosshead, 


on the main cylinder housing. In when the 
another motor-operated full-pressure stop is provided between 
the piercer rod and the crosshead. 

The design of the billet container to handle such large billets, 
at extrusion pressures of up to 100,000 psi at the ymaximum diam- 
125,000 pei at diameters down te 20 in., 
has brought to bear the ultimate in mechanical ingenuity and 
metallurgical skill. The container structure is necessarily of the 
multiple-shrunk sleeve type, the material of all sleeves being of the 
best obtainable. 


eter, and in excess of 


This requires the production of highly alloyed 
tool steels in sizes of 30 tons or greater, each, having mechanical 
properties exemplified by yield-stress requirements of 150,000 psi 
at 1000 PF. structure weighs around 
100 tons, not including the split-type container housing. The 
container proper is handled in and out of the press vertically be- 


The composite container 


tween the two top columns, the 132-in. clear opening being pro- 
vided for future unorthodox container designs requiring even 
greater clearances than initially. The outer sleeve of the con- 
tainer may have a number of circumferentially arranged longitu- 
dinal holes for carrying copper inductor rods, for maintaining a 
container temperature of up to 1000 F, by a combination of 60- 
eycle induction and resistance heating, 

For proper and accurate operation of the press, accuracy of 
alignment and simplicity of adjustment is provided between the 
and 


and billet container, 


main crosshead and stem and piercer rod, on the one hand, 
between the press platen, die container, on 
the other, 


ported from the press base, 


The main crosshead is carried on beveled slides, sup- 
Which slides intersect along the longi- 
tudinal axis of the press, to eliminate thermal effeets. In addition, 
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both horizontal and vertical serew adjustments are provided for 
The piercer rod is guided over the entire length of 
the main crosshead in «a central bore, so that the two axes coincide. 
The billet container, with which the stem carried by the crosshead 
most intimately works, is also carried on similar adjustable bev- 
The tool container, is 
carried on horizontal flat guides, on the horizontal center line of 
All motions of all moving parts are longitudinal, the 
billet container being shifted and/or held against the tool con- 
tainer by two 750-ton 10-in-stroke cylinders carried in the platen 
proper. 


wear take-up. 


eled slides platen, which carries the 


the press. 


All elastic distortions, but principally column elonga- 
tions which jnay amount to 4/s in., are allowed for in all support 
structures, the press being held solidly at only one location, 
namely, the main cylinder housing. 

As mentioned previously, after an extrusion is completed, the 
gate lock is retracted, and the entire tool container, together with 
extrusion and butt, is shifted through the platen approximately 
30 ft by a hydraulic cylinder to an automatically preset position 
some 10 ft down the runout table. In this operation the tool con- 
tainer is carried on two horizontal key slides located on the center 
line of the platen bore. At its end position, the container will 
have passed through an 800-ton hydraulic shear, so that the butt 
On the 
other side of the container is a large single-disk saw capable of 


can be sheared off rapidly on the side nearest the press. 


severing squarely the largest extrusion contemplated, as men- 
The runout table is 150 ft long, making an over- 
all length of complete press of some 290 ft, and is fitted with a 
motor-operated gripper carriage for guiding the front end of 


tioned earlier. 


long slender extrusions, 


Hypravutic Power PLANT 


The hydraulic power plant for the press is capable of permitting 
full-stroke operation at full 20,000 tons capacity, 4 min. 
This amounts to an average pump demand of some 1600 gpin, and 
will be provided by a nwnber of unit capacity, vertical, high- 
speed, multicylinder pumps, driven direet-connected 
synchronous motors. 


every 


each by 


and 
and 


Rapid movement of the main crosshead, both opening 
closing during idle stroking, is at the rate of 50 fpm or LO ips, 
is controlled from a 125-psi prefill system. During pressure- 
stroking, a maximum speed of 3 ips is provided at full 20,000 tons 
increasing to LO ips at the lowest pressure stage of 4000 tons, by 
valve control from the hydropneumatic-accwnulator system. 
both during idle and pressure-stroking, is 
A total aecumu- 


Control of press speed, 
by throttle control from accumulator pressure. 
lator capacity of 6000 cu ft or 


15,000 gal is provided, with a 


— 
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maxunum pressure of 4500 psi, dropping to no less than 4000 psi 
at the end of the The normal full capacity 


rating of the press is at 4250 psi. All the refinements of hy- 
draulic-system control, safety provisions, automatic features and 


longest stroke. 


so on, that are now common to the best forging-press installations 


are incorporated, likewise, in extrusion-press systems, 
Extrusion Press oF 12,000 Tons 

Another example of modern heavy extrusion-press design is pro- 
vided by the This press is of 
the four-column design, and has only three main cylinders, a 
large central cylinder having a capacity of 4500 tons, and two 
smaller cylinders, having a capacity of 2250 tons each, arranged 
laterally on the horizontal axis of the machine. The piercer 
cylinder, having a capacity of 3000 tons, is arranged directly 
behind the main control cylinder, with its heavy red going 
through a central passageway provided by a long tube attached 
to the hollow-bored main-cylinder ram, and projecting back 
through the main cylinder, The full 12,000 tons is obtained (at 
4250 psi pressure) when the piercer capacity is added to the main 
crosshead. By proper valve selection, five different capacities 
may be obtained, namely, '/4, 3/4, °/e, °/4, and full capacity. 

The general press construction, Fig. 15, 
columns, 26 in. diam, located at the four corners of a square, hav- 
ing 125 in. center-line distances, the piercer cylinder housing being 
held by four 13-in-diam columns. There are two 820-ton main 
pullback cylinders, two 320-ton piercer pullback cylinders, 
two 550-ton, 75-in-stroke, The long 
stroke of the shifter cylinders is to permit the practice of inverted 
and when it might The 
billet size range is from 16'/, in. minimum diam to $2 in. maxi- 
mum diam  70in, maximum length, corresponding to amaxunum 
aluminum-alloy weight of 5000 lb, the container length being 75 
in. 

The container is fitted with 2 
ing, wrapped on its periphery, with provisions for zone heat con- 
trol. The stroke of the main crosshead is 160 in. and that of the 
piercer cylinder, 242 in. The hydraulic system comprises 1400 
gpm of main pump capacity and 275000 gal of hydropneumatic 
accumulator permitting 25 full-pressure full-stroke- 
cycles per hour. Maximum idle stroking speed, both forward and 
reverse, is LO ips, and full-pressure stroking speed is set at 7 ips. 

In general, the design of the press is similar to the 20,000-ton 
press described previously except that the billets are loaded 
vertically from below the press, between the two lower columns, 
to the charging position, by a hydraulic lift. The installation 


| 


12,000-ton press shown in Fig. 15. 


involves four main 


and 
container shifter cylinders. 


extrusion, where be deemed feasible. 


50 kw of electrical-resistance heat- 


capacity, 


= 
| 
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is equipped with a 350-ton hydraulic butt shear on the runout 
table, plus an 84-in-diam disk saw, driven by a 100-hp hydraulic 
motor. The length of the press proper is 122 ft, its height, 26 ft, 
31/, in. (16 ft 3/4 in. above floor), and its width, 22 ft. The 
over-all length of the press installation, including the runout 
table, is approximately 275 ft. 


Comparison Wrru 13,200-Ton ScHLOEMANN Press 


It is interesting to compare the two previous large extrusion 
presses with the 13,200-ton Schloemann press being currently 
erected in the U.S. A., which is the largest extrusion press so far 
constructed. Fig. 16 shows a reconstructed drawing of this 
press (24) and the following gives some general information 
It is of the nonpiercing type, 
comprising three main cylinders arranged on the vertical axis of 


gleaned about its characteristics, 


the press, consisting of an 8000-ton central cylinder, and two 
2600-ton auxiliary cylinders, 
type, consisting of four 25'/.-in-diam main columns on 116-in. 
The main pullback 
cylinders are attached to the back ends of the auxiliary cylinders, 


The press is also of the 4-column 
centers, both vertically and horizontally. 


projecting inside the hollow ram of the main cylinder, with push- 
back cylinders acting between the main and manipulating cylin- 


der crossheads. The billet size is 20'/, in. maximum diameter 


@ © \e 


about 70 in. long, requiring a 79-in. container length. The stroke 
of the press is only 92 in., being orly slightly greater than the 
maximum billet length—-with no provision for additional stroke, 
since the billets are charged into the billet container by virtue 
of shifting the container proper, which is somewhat slower than 
the conventional method. For hollow extrusions, tubular billets 
must be resorted to, A system pressure of 200 atm or 4250 Ib 
per sq in. was originally utilized, although it is being stepped up 
to 4500 Ib per sq in., and the press capacity to 14,000 tons during 
its U.S. installation. The press structure, as such, is unusually 
compact, involving rather intricate construction, and is accord- 
The press height is 32 ft, being 18'/, ft 
The original 


ingly only 65 ft long. 
above floor and 13'/, ft below, and is 22 ft wide. 
over-all length of the press installation, including a relatively 
short runout table of 68 ft, was only 133 ft—-but it is being in- 
creased by Aleoa to accommodate 90-ft-long extrusions, 


ProBLeM or PRessURES 


Just as in the case of die-forging presses, so must we, in ex- 
trusion, contend with high metal pressures, even though the com- 
pressive yield stresses of the metals being worked are relatively 
low. As was mentioned earlier, pressures reaching in excess of 
125,000 psi are encountered, where the basie yield stress of the 


Fra. 16 
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aluminum alloy may be only 12,500 psi-——a tenfold increase, The 
reasons for such increases are not only friction effects in the billet 
container (friction effects are the only reason for pressure multi- 
plication in die-forging), but also pressure increases involved in 
In the Appendix is given the basic 
development of expressions for required ram pressure, based on 
the analytical ideas of Sachs and Fishbein (25) but modified in one 
important respect, as indicated. The final equation for the re- 
quired pressure on the dummy block is 62 He, 
1 


Pp = Pyp loge 


p = required extrusion pressure on face of dummy block 
Pyp 


the extrusion process, as such. 


e D 


where 


compressive yield stress of metal being extruded, at 
given temperature and speed 
= form factor, varying around 1.5 4 
area of extruded section 
coefficient of friction between billet and billet-container 


= area of billet container 


wall 
L = length of unextruded billet 
b 


diameter of billet 


If there were no container friction, i.e., if w = 0, then the ex- 
pression would reduce to p = Bpyp loge (A/a), as the pressure re- 
quired for forcing the metal through the die. It is seen that this 
pressure is a function of the extrusion ratio A /a, and indicates that 
care must be exercised in not using too large a press (i.e., con- 
tainer and billet) for a small extrusion. Likewise, it is seen that 
limits exist as to the minimum section that can be extruded in a 
given press. It is also to be appreciated, from Mquation [4], that 
at the beginning of extrusion, when the billet length L may be 
considerable, the required pressure is at its maximum, and as 
the billet is extruded (1 decreasing to zero) the pressure drops to 
# minimum value, again given by p = B py, loge A/a. Of course, 
if the pressman continues to try to extrude the very last end of 
the billet, then the pressure would rise again rapidly owing to 
increasing resistance to the radial inflow of the residual thin disk 
or butt toward the die aperture. Actually, no press can exert 
enough pressure to extrude the entire billet, hence the necessity 
for getting rid of the butt by shearing, or the like. pe ls 


EXAMPLE OF EXTRUSION 

Let us see the magnitudes of the effects that are involved, by 
examining what happens in extruding a 20-in-diam ™X 50-in- 
long billet, weighing 1600 Ib, of the same aluminum alloy that 
Motherwell used in his press experiments, to a 3%/,-in-diam 
round, For this material, at a temperature of 600 F and at the 
extrusion speed of 3 ips, pyp = 12,500 psi. The extrusion ratio 
(20/3°/,)? = 28; the L/D ratio = 50/20 = 2.5, and, assuming a 
friction coefficient of 0.08, the friction exponent 4uL/D = 4 X 
0.08 * 2.5 =0.8. From these figures we have (at beginning 
of extrusion ) 

Pmax = 12,500 [(1.5 log. 28 
and (at the end of extrusion) 

Pmin = 12,500 X 1.5 X loge 28 = 62,500 psi 
Thus we see how a material having a basic compressive yield 
stress of 12,500 psi can require 10 times this value, or 125,000 psi 
at the beginning of extrusion, dropping to as low as one half of 
this starting value at the end of the stroke. Numerous observa- 
tions have indicated the correctness of such figures. The total 
press tonnage required would be the full rating of the 20,000-ton 


1)e%s + 1] = 125,000 psi 


press, i.e., = (20)? 125,000 /2000 = 20,000 tons. 


OF THE ASME NOVEMBER, 1953 


LUBRICATION 


It is evident that any reduction in container friction would be 
very effective in decreasing the maximum tonnage required, and 
points up again the great value of improved lubricants. The 
real advance along these lines, however, is the complete elimi- 
nation of the effects of friction between billet and container, by 
extruding in such a manner that there is no relative motion be- 
tween the two, i.e., by inverse extrusion. As mentioned in the 
early part of the paper, this technique has been known for a long 
time, and is still generally practiced in lead-extrusion work. 
What is involved in hot extrusion is mounting the die on a full- 
length stem, projecting rearward from the usual die location for 
direct extrusion. At the beginning of the operation the billet 
container would be in the same position as for direct extrusion, 
i.e., against the press platen (and surrounding the inverse ex- 
trusion stem) and the billet loaded in the conventional manner 
(no press stem now being used on the main crosshead). Then 
the billet container would be moved rearward by a long-stroke 
eylinder (as in the case of the 12,000-ton press, described pre- 
viously) against the main crosshead—the container in this posi- 
tion enveloping the billet. The forward motion of the press head 
now pushing against both the billet and the billet container, 
would cause extrusion to take place through the die on the end 
of the extrusion stem, the extrusion passing through the hollow 
stem and out onto the runout table—there being no relative 
movement between billet and container in the operation. 

The advantages of inverted extrusion are known to be: less ex- 
trusion pressure, meaning smaller and less expensive press equip- 
ment; more uniform working of the metal, longitudinally; and, 
most important, freedom from the central extrusion defect usu- 
ally found in direct extrusion, particularly for high-temperature 
metals, where surface oxides of the billet are found in the interior 
of the extruded bar. This was investigated thoroughly by Gen- 
ders (26), who suggested the use of the indirect method as a 
means of its elimination. 

Its disadvantages also are known to be less uniformly worked 
metal, transversely; rough surface of the extruded shape, re- 
flecting some of the original billet-surface condition; and diffi- 
culties in design and construction of the hollow extrusion stem to 
withstand the high extrusion pressures, even though lower than 
for direct extrusion. Over the vears, the advantages of the in- 
direct method have nec? 
of its superiority over the direct method, and thus far the in- 


direct method is largely limited to the more easily extrudable 


succeeded in convincing most operators 


metals, 
EXTRUSION OF Ferrous METALS 


The subject of extrusion cannot be concluded without some 
reference to its future in the ferrous field. For a long time now, 
attempts to extrude steel, including the alloy steels, have had 
only partial suecess. The high temperatures to which the billets 
necessarily must be heated to obtain reasonable extrusion pres- 
sures, accompanied by the inadvertent surface chilling of the billet 
in the container, together with the difficulties in obtaining lubri- 
cants that remain effective at the high temperatures, have been 
the major obstacles. The matter of obtaining die materials 
that can withstand the combination of high temperature and 
pressure also has been one of extreme difficulty. Some success 
has been had by the use of vertical high-speed mechanical presses, 
but which 
necessarily limit the process and product materially. Trinks 
(27), in 1937, commented on this problem very pertinently: ‘It 
also appears that searching for and finding of the most suitable 
material for a protective film is extremely important, perhaps 
even more important than discovery of the best die material. 


where extrusion times have been limited to 2 to 3 sec 
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The film-forming material should be heat-insulating and a lubri- 
cant at a temperature which is close to the melting point of steel 
It also should have enough mechanical strength to resist being 
wiped off too quickly by the flowing metal.”’ 
the solution has been found in the use of glass, as a result of the 
researches of J. Sejournet (28) who has had outstanding success 


It now appears that 


in France, and whose several licensees in the United States un- 
doubtedly are launching a new era in expansion of the extrusion 
process. 

CONCLUSION 


It would be of no avail to attempt to recapitulate the main 
points covered in this paper on the design and construction of 
large die-forging and extrusion presses. The author's company 
is pleased to be associated with the current U.S.A.F. press pro- 
gram, in the designing and building of some 110,000 capacity 
tons of such heavy-press equipment. It can be said with convie- 
tion that both the die-forging process and the extrusion process 
have been given a considerable impetus by the current program, 
and that their future in both the light metals and the ferrous 
fields will be an ever-expanding one. 


BIBLIOGRAPHY 


1 “Large Hydraulie Forging Presses,"’ by M. D. Stone, Trans. 
ASME, vol. 70, 1948, pp. 490 514. 

2 “Forging Handbook,” by W. Naujoks, American Society for 
Metals, 1939, p. 8. 

% “Hydraulische Pressen zum Schnellschinieden (System Has- 
well) Zeitschrift des Vereines deutscher Ingenieure, 1863, pp. 287-290. 

4 “Report of the U. 8. Commissioners to the International Ex- 
position at Vienna,” by W. P. Blake, Washington, D. C., vol. 4, 1875, 
pp. 257 274. 

5 “Forging by Hydraulie Pressure,”’ by R. HW. Tweddell, The In- 
stitution of Civil Engineers, London, England, vol. 117, 1894, pp. 
1-51. 

6 ‘‘Memoire sur I'Ecoulement des Corps Solides, soumis & de 
Fortes Pressions,””’ Academy of Sciences Comptes Rendus, vol. 59, 
1864, pp. 754-758, and vol. 64, 1867, pp. 809-812. 

“On the Flow of Solids With Practical Application in Forging, 
ete.,”” by H. Tresea, Proceedings of The Institution of Mechanical 
Engineers, London, lengland, 1867, pp. 114-150. 

7 “The History of the Hydraulic Extrusion Press,”” by C. EB. 
Pearson, Transactions of the Newcomen Society, vol. 21, 1941, pp 
100-121. 

&S “The Extrusion of Metals in the Solid State,’ Jron Age, vol. 
116, June 23, 1910, pp. 1507 1510. 

9 “The Production of Metallic Bars of Any Section by Extrusion 
at High Temperatures,”’ by P. F. Nursey, Journal of the lron and 
Steel Institute, vol. 49, 1896, pp. 53 4. 

10 “Military Significance of Large Pressure Forgings,’ by Gen. 
B. K. Wolfe, read before SAE October 7, 1949, published in 1950 as 
special publication. 

11 “A Review of the Application and Design of Heavy Forging 
Presses,"’ by J. A. Sanderson and J. G, Frith, Journal of Iron and Steel 
Institute, London, England, vol. 161, March, 1949, pp. 231 246 

12. “Aluminum Alloy Extrusion,” by lk. V. Pannell, Jron Age, vol. 

. November, 1940, pp. 27-30; December, 1940, pp. 40-48, 92. 

13. “Extruding Aluminum,” by G. W. Birdsall, Steel, vol. 117, 
December 3, 1945, pp. 120-124, 126, 128, 156, 159, 160, 162, 164, 166, 
and 168. ; 

14 “Extrusion of Magnesium,’ by C. 8S. Harris, Machinery, New 
York, N. Y., vol. 53, March, 1947, pp. 143-152. 

15 “The Development and Fabrication of Aluminum and Mag- 
nesium Forgings for the Aireraft Industry,"’ by R. RK. Moore, before 
AIA Meeting, December 4, 1951. 

16 “Press Forging,” Automobile Engineer, London, England, vol. 
37, December, 1947, pp. 493-497. 

17. “Beitrag zur Theorie des Walzvorganges,"’ by Th. von Kar- 
man, Zeitschrift fir angewandte Mathematik und Mechanik, vol. 5, 
1925, p. 139. 

18 “The Forces Required for Rolling Steel Strip Under Tension,” 
by A. Nadai, Journal of Applied Mechanics, Trans. ASME, vol. 61, 
1939, p. A-54. 

19 “Rolling Pressures in Strip Mills,"” by M. D. Stone, Iron and 
Steel Engineers, February, 1943, pp. 61-69, 72. 

“Rolling of Thin Strip,” by M. D. Stone, Tren and Steel En- 
gineers, February, 1953, pp. 61-75 


DESIGN, CONSTRUCTION, LARGE FORGING AND EXTRUSION PRESSES 


20° “Caleulation of Press Forging Pressures and Application to 
Magnesium Forgings,”’ by R. L. Dietrich and G. Ansel, Trans, ASM, 
vol, 38, 1947, pp. 709-728. 

21 ‘Press-Forging Thin Sections: Effect of Friction, Area, and 
Thickness on Pressures Required,”’ by William Schroeder and 1). A, 
Webster, Journal of Applied Mechanics, Trans. ASME, vol. 71, 1949, 
p. 289, 

22) “Production Experience With 18,000-Ton Press,"” by G. W. 
Motherwell, presented before Aircraft Industries Association Meeting, 
December 4, 1951. 

23) “Theory of Elasticity,” by S. Timoshenko, MeGraw-Hill Book 
Company, Inc., New York, N. Y., second edition, 1951 

24 “Recent Advances in Plastic Forming of Metals,’ by A. 
Zeitlin, presented before the SAE Detroit Meeting, October, 1950. 

25 “Spanlose Formung der Metalle,”’ by G, Sachs and W. Pishein, 
Vitteilungen der deutschen Material prifungsanstalt, Special Volume 
No. 16, 1931, pp. 67-96. 

26 “The Extrusion Defeet,”” by R. Genders, Journal of the Insti- 
tute of Metals, vol. 26, 1921, pp. 237-245. 

27 “Heat Stresses in Extrusion Equipment,” by W. Trinks, 
Blast Furnace and Steel Plant, vol. 25, December, 1937, pp. 1282-1284. 

28 “Le Filage Industrielle de lAcier a la Presse Hydraulique,"’ by 
H. Steinbach, Reoue Generale de Mecanique, vol. 34, January, 1950, 
pp. 34-36. 

“Complex Steel Parts Produced by Hot Extrusion Process," 
by J. Sejournet, Metals and Alloys, vol. 31, March, 1950, pp. 56-58. 

290 “Plasticity,” by A. Nadai, MeGraw-Hill Book Company, 

Ine., New York, N. Y., first edition, 1931. 


CGeNERAL 


“The Light Metal Industry,” by W. Lewis, 1949. 

‘Metal Statisties,’’ The American Metal Market, 1951. 

“The Aluminum Industry,”” by F.C. Frary, J. D. Edwards, and 
Z. Jeffries, 2 vols., 1930. 

“Technology of Magnesium and Its Alloys,’ by 
lated from German), 1940. 

“Geschichte des Eisens,” by L. Beck, 5 vols., 1891. 

“The Metallurgy of Steel,"" by F. W. Harbord and J. W. Hall, 
2 vols., 1905, 

“The Extrusion of Metals,"’ by C. 


A. Beck (trans- 


Pearson, 1044 


Appendix 
RevatTions IN ForGING THin PANELS 


Taking the case of the narrow rectangular panel, of width, w, 
and length 1, the equilibrium of forees on the element dr at dis- 
tance r from the center line in Fig. 17 gives 

(S, + dS, )tw — dr 


r 


dr t 
4 =f 


Now, general conditions of plastic yielding according to 


Hencky-Mises octahedral stress theory are given as 


(S, S,)? + (S, S,)? 4 (S, S,)? = 2 Syn’. 


In the case of thin panels, we have 


Now, we assume further that because of the relatively large value 
of width as compared to the length, there is no “spreading,” ie. 


, 


e, = 0, which says that the unit strain in the width direction (y- 


direction) is zero. This means further® that 


® Refer to article by Nadai (18) and (29), p. 78. 
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1185 Py 


and substituting Mquations {7| and [8] in [6], we get dS, 


9 dr 


2 
Syp = 1.155 Syp = po (constrained yield point) 
V3 In polar co-ordinates, the octahedral yielding conditions are 
Written as 
From Equation [9], by differentiating, we see that dS, = dp, and (S, S,)? + (S, S,)? + (S, 


thus Equation [5] is modified to read and, as for the rectangular pane! 


dp S. =p 
= 
dy 


or 


Now, we introduce the condition of constant volume under plastic 
flow, and referring again to Nadai® we write 
dp 2 7 +,¢,™ 0 


> Bat 

which shows an exponential increase in pressure from the edge, 

al 

Of po, tO Pmax = poe! at the center. To get the average value — where pis the radis' displacement, and the e's are the unit strains. 

of pressure, which really is a measure of the forging force, P Since the disk is assumed to be essentially uniformly compressed, 

(P = pave Lav) we have we have 


€, = const = € {19] 
ar 
2 fo pi 2} Combining Equations [17], [18], and [19], we get 
= = 


which integrates into 


Pave 
= PMF = 1.155 
Pye 
where C is an integration constant. Now, for a solid disk, C 
which is given as Mquation [1] in the main body of the paper. must equal 0, since for r=0, p=0. Thus Equation [21] becomes 
Now, for the thin circular disk or panel, where radial flow is 
involved, our condition is as shown in Fig. 18. A consideration p= 
of equilibrium of forces in the radial direction gives us 
S,r t —(S, + dS,) (r + Quprd@ 4+ Std@dr = 0 and substituting Equation [22] in [18] we get 


* Reference (29). p. 187 


7 
t OA 
= Teme 
S,—S, 2 
2 
and 
| 
Pave * 
‘ 
sag * 
< 
q 


STONE 


These equations state that, in a compressed circular disk under 
plastic flow, the deformation in each element is the same, consist- 
ing of a uniform decrease in thickness €), accompanied by lateral 
elongations of one half this amount in all directions perpendicular 
to the thickness. 
€, at every point, then 


According to the laws of plastic flow, since €, = 


[24] 


at every point. Substituting Equations [16] and [24] in [15] we 
get 


p — S, = Syp (or pyp) = const. .. [25] 


from which we get by differentiating, dS, = dp. Substituting this 
relationship and Equation [24] in [14] we get finally 


dp 
p 


which happens to be exactly the same as Equation [10] for the 


narrow rectangular case. Thus we have 


P = pyre! 
Now, to get Pavg, we have 
D/2 360 de D/2 
p dr 8pyp / -r) 
= 
0 


which is given as Equation [2] in the main body of the paper. 


DrrorMATION OF Heavy Frat Dies DuriInG Forcing 
Based on the pioneer work of Boussinesq on contact pressures, 
Timoshenko’ gives the basic equations which we may use to ob- 
tain the deformations of the surface of a flat die when com- 
pressing a circular disk, considering the dies as semi-infinite solids. 
Referring to Fig. 19(a), we have basically 


l vy? p dr’ dy’ 
w= 
TE p 
A 


7 Reference (23), p. 366. 
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P= P(A) Pye (8-4) 


A( CIRCLE oF D) 
~ 


(<) 
19 Derormations or Forainc Die; (Semi-[Neinire 
Unper Foraing Pressure 
vertical deformation (2 — direction) at any point M(x, y) 
on flat face 

pressure intensity at any other point N(x’, y’) within A 
area of face, subjected to pressure ws 
distance between points M and N, = 


V(x + (y 


Our specific interest, now, is to obtain the die-face distortions 
when acted on by a circular area of pressure, which pressure 
varies exponentially from the periphery to the center, as exists 


x’)? wy’)? 


when a circular disk or panel is being compressed between two 
flat dies, as demonstrated earlier, and as shown in Fig. 19(b). 
Thus, to obtain the maximum die distortion, which occurs at 
the center of the circle of pressure, we rewrite Equation [20], using 
polar co-ordinates, as 


1 v rd@ dr 
Weenter = " 
0 0 p 


where M is taken at the center of the circle, 0. This selection 
makes p = r, which simplifies Equation [30] considerably. Carry- 
ing through the integration with respect to @, we have as a result 


(30) 


2(1 


Weenter = pdr (31! 


as the general expression for maximum die deformation (at the 
center) under a circular field of pressure, varying radially from 


its center. 
2u D 
t G 7 ) 


and substituting in Equation [1], we have 


21 
Weenter = “ 
E 0 


which by integration becomes finally 


For our case 


P = 


(1 
E 


Pyp 
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so that our general Equation [30] becomes 


which is given as Equation [3] in the main body of the paper. 

To get the die deformation at the edge of the circular area, we 
refer to Fig. 19(¢) where our point of interest M is now on the 
periphery of the circle of diameter D, and N is any point within 
the circle, having a radius r and angle @ from the radius vector to 
M. From the triangle O-N-M, we have 


p +r? 


*D/2 2n 
)pyp / f- 
Wedge = 
ni Jt 


t 2 


rD cos @ + r* 


‘) dr do 


re 


This equation is too difficult to integrate analytically, and the 
result can be obtained only by numerical integration methods 

for the particular dimensions being studied. For our conditions, 
where D = 25in., ¢ = 0.430 in., ete., Wedge Works Out to be 0.040 in. 


IxTRUSION PRESSURES, INCLUDING CONTAINER FRICTION 
Referring to Fig. 20(6), let us consider the equilibrium of forces 


acting on element dz, of area (9/4)D?, following the approach of 
Sachs and Fishbein, (25) 


( D ) dS, + (usS,) = 0, 
or 
D 
Conditions of plastie flow are analogous to those given in the first 
section of the Appendix, for rotationally symmetric conditions, 
Equation [25], 


Differentiating Mquation [35], we obtain 
dS, = dS, 


and substituting in Equation [34], we obtain 


« Mee 


Integrating, we have 


ke S, = + 


The boundary conditions are, at z = 0, S, = Sand atz = L, 
S S,,, which lead to 


4uL 
[39] 
But from Equation [35] we have 
* Sachs gives this condition as S, S. = Sy», which we believe is 


incorrect. 


ipl 
To introduce somewhat simpler notations, let p = S,, = pres- 


mei CONTAINER 
(a) 
de 
Sp 
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Fig. 20) Ram Pressures ror Extrusion, [INCLUDING CONTAINER 


FRICTION 


whence 


sure on face of the dummy block, and pexsee = S,o = pressure re- 
quired to extrude metal through a die from initial area A to final 


area a, not counting friction. 

The evaluation of pexte may be obtained by starting with Fink’s 
classical equation for work done W, in plastically deforming a 
1 and length 1, to an- 


volume of metal V, from an initial aren . 


other length land area a 


A 


a 


For the case of extrusion, we also know that 


We PL = par AL = por V..........[42] 


and equating [41] and [42], we have 


[43] 


Pextr = Syp loge 


This relationship has been experimentally verified by Sachs and 
Kisbein (25), and is the best evidence of its validity, as its deriva- 
tion based on Fink’s equation cannot be considered too rigorous. 
Actually, experiments show that the equation is more properly 


written as 


Pexer = B Syp log. 44] 
a 


where 8 = form factor, being a function of die design, shape of ex- 
trusion, etc., whose value varies around 1.5. Introducing this 
equation into Equation [40], and calling Syp = pyp, since our 
stresses are in reality compression, we have finally 


A 
P = Pyp | (6 loge x 1) e 
a 


Wa 
i A- (p x) 
6 
Xe 
= | 
4 
4 
ex 
A 
= 
or 
J 
yhich is lv of the paper. 
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C By T. L. FRITZLEN,' RICHMOND, VA. 


The sizes of 14S, 24S, and 75S aluminum-alloy ingots 
needed for the United States Air Force large-press program 
are estimated and compared to the size of ingots cast in 
current production. The direct-chill process is selected for 
development of the casting of large ingots. Quality re- 
quired, metallurgical factors involved, equipment used, 
and casting variables are discussed. Experimental results 
in casting 14S aluminum-alloy ingots weighing up to 
12,000 lb are presented. An opinion is expressed on the 
future production of large aluminum-alloy ingots for use 
in extrusion and forging presses up to 25,000 and 50,000 
tons capacity, respectively. 


INTRODUCTION 


He use of larger and more complex aluminum-alloy strue- 

tural members in the aircraft of tomorrow depends, ini- 

tially, upon larger aluminum-alloy cast ingots suitable for 
upsetting, rolling, extruding, or forging. 

It is the purpose of this paper to present a discussion on the 
metallurgical factors and mechanical features involved in the 
casting and production of large aluminum-alloy ingots suitable 
for extrusion presses up to 25,000 tons in capacity, and for forging 
presses having a capacity up to 50,000 tons. In this discussion 
the sizes of aluminum-alloy ingots needed for the United States 
Air Force large-press program (1)? will be estimated and com- 
pared to the size of aluminum-alloy ingots cast in current produc- 
tion. Results obtained in the experimental casting of aluminum- 
alloy ingots larger than those now in production will be described. 
Also, an opinion will be expressed on the production-casting of 
large aluminum-alloy ingots for the large-press program 

This paper will discuss only the strong aluminum-a'loy ingots 
which will be used for making structural components of aircraft. 
These alloys, principally 148, 248, and 75S, derive strength 
through heat-treatment because of the limited solid solubility 
of hardening alloy elements. 

Current Production of Ingots. The strong aluminum alloys, 
namely, 14S, 24S, and 75S, are produced commercially in this 
country in solid ingots up to 16 in. diam, weighing up to 2800 Ib. 
Extrusion presses having capacities up to 5500 tons are employed 
for the extrusion of these ingots. Tubing also can be extruded 
from hollow ingots up to 16 in. OD. 

Aluminum-alloy forging stock 8 in. diam and smaller is rolled 


1 Chief Metallurgist. Reynolds Metals Company 
? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the ASME Aviation, Machine Design, Metals 
Engineering Divisions; Society of Automotive Engineers; American 
Institute of Mining and Metallurgical Engineers; and the Institute 
of Aeronautical Sciences; and presented at the Annual Meeting, New 
York, N. Y., November 30-December 5, 1952, of THe American 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 18, 1952. Paper No. 52—A-77. 


from ingots up to 24 in. square. These square ingots, weighing 
as much as 6000 Ib, are rolled employing 38-in. two high reversing 
blooming mills and up to 26-in. structural mills (2), Cast in- 
gots 15 in. square, weighing 850 lb, are reported to be the largest 
cross-sectional pieces forged to date using an 18,000-ton press (3). 
It is possible to use the rectangular ingot, as well as the square 
ingot, for forging by upsetting. Upsetting, which is increasing 
the cross-sectional area of a portion or of all of the ingot by press- 
ing between two flat-faced dies, requires additional labor and 
forging-press time, resulting in increased cost. Strong alu- 
minum-alloy ingots 12 in. thick, up to 48 in. in width, and weighing 
up to 6000 Ib, are cast for the current production of sheet and 
plate. 

Ingots for Large Presses. It is estimated that a 32-in-diam 
strong-alloy solid ingot weighing up to 8000 Ib will suffice for 
extruding shapes and forging stock in the 25,000-ton extrusion 
press. This 32-in-diam ingot would permit the extrusion of a 
12-in-diam or larger rod for subsequent forging. Because of the 
nature of the extrusion process, extruded forging stock does not 
possess as uniform a structure as rolled forging stock. Abnormali- 
ties in the structure and grain size of certain types of forgings will 
result. from the use of extruded stock unless the stock is upset 
prior to forging. Therefore additional press time and cost are 
required to use extruded stock, instead of rolled stock, for some 
forgings. 

Development work on the extrusion of integrally stiffened 
sheet indicates that $2-in-OD  16-in. to 20-in-ID hollow ingots 
should suffice for extrusion of this product in a 25,000-ton press 
(4). 

The 50,000-ton forging presses probably will require up to 
16-in-diam rolled stock, or the equivalent cross-sectional area of 
suitable extruded or forged stock, when the aircraft designer real- 
izes that large forgings requiring such stock can be made. A 
28-in-square strong aluminum-alloy ingot weighing up to 8000 
Ib should be sufficient to roll 16-in-diam forging stock. How- 
ever, blooming mills larger than those now used for rolling alu- 
minum would be required in order to take heavy drafts (large re- 
ductions) per pass to obtain 16-inch-diam forging stock of satis- 
factory quality. These larger blooming mills would increase 
production and decrease costs of forging stock and forgings during 
an emergency, 

Rectangular ingots, 28 in. thick * 45 in. wide, would provide 
cast stock up to 12,000 lb for pressing or rolling prior to forging in 
the large presses. 


Meruops or Casting 


Two processes are known which probably could be developed 
for casting large sizes of strong aluminum-alloy ingots weighing 
up to 12,000 Ib each that would be suitable for rolling, forging, or 
extruding. These two methods of casting are known in this coun- 
try as the ‘“water-dipped”’ (5) and “direct-chill” (6) processes. 

The water-dipped method consists of filling a heated, relatively 
thin, sheet-metal mold with molten aluminum ally y at an optimum 
temperature, and then lowering the filled mola at a controlled 
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rate through a water spray while supplying heat to the upper, or 
unsolidified, portion of the aluminum alloy. 

The newer direct-chill process consists of introducing molten 
aluminum alloy, at an optimum temperature, through a pouring 
spout into an open-end, short, thin, water-cooled, sheet-metal 
The high-conductivity metal mold is closed temporarily 
After 
solidification of the aluminum alloy first poured into the mold, 
the bottom block and the solidified and solidifying portion of the 
ingot are lowered vertically through water sprays. 


mold 
at, the bottom end by means of a metal bottom block. 


The amount 
of molten metal introduced into the mold is synchronized with 
the rate of lowering the solidifying aluminum-alloy ingot. 
Progressive bottom-to-top solidification and rapid freezing are 
obtained in both the water-dipped and direct-chill processes, 
However, the direct-chill process, as its name implies, provides 
faster chilling and consequently the more desirable metallurgical 
The direct- 
chill process is used to a greater extent than any other casting 


structure, such as finer grain and constituent size, 


process in the American aluminum industry because higher qual- 
ity, higher production rates, and lower costs are obtained, 

The direct-chill method of casting large ingots is selected as the 
process most likely to be developed for casting large strong 
aluminum-alloy ingots of suitable quality for the United States 
Air Force large-press program. For brevity, this direct-chill 
process will be designated D-C process in this paper 


J 
Previous discussion described briefly the D-C process and enu- 
merated some of the reasons for selecting this process as the one 
to develop for casting aluminum-alloy ingots weighing up to 
12,000 Ib for the United States Air Force large-press program. 
A more detailed description of the method is necessary before an 
understanding can be had of the metallurgical factors and the 
mechanical features that affect the quality of the large cast ingot, 


(D-C) Process 


The D-C process is performed semicontinuously by casting 
ingots to a prescribed length up to 144 in. Continuous D-C in- 
gots are cast in Europe with modified equipment so that the ingot 
is sawed to length during casting by means of a traveling saw. 
The less complicated semicontinuous method is preferred for 
aluminum in the United States for several reasons, chief of which 
is greater flexibility. The semicontinuous is better 
suited to the casting of the large strong aluminum-alloy ingots 
because of the high internal stresses set up within the ingot during 
casting which could cause splitting if siwed prior to stress-reliev- 


method 


ing or preheating. 

The D-C equipment used for casting a 32-in-diam 148 alloy 
ingot is shown in Fig. 1 (7). This simplified sketch shows the 
D-C' process to consist of equipment to introduce molten metal at a 
controlled rate into a water-cooled mold and to lower the partially 
solidified ingot at a controlled rate through direct water sprays. 
It is to be noted that the mold is 9 in. in length and is made of 
'/-in-thick 38 aluminum-alloy plate welded to 32 in. ID. The 
top spray water cools the mold, while the two lower sprays play 
direetly on the ingot surface. The top of the molten metal is 3 in. 
ubove the bottom edge of the mold and this distance is termed the 
“head.” This head is kept constant by means of a flow-regulator 
rod placed inside the pouring nose, or spout, which is adjusted 
above the pouring trough to regulate the amount of molten metal 
introduced into the mold through the four holes in the bottom of 
the pouring nose. The bottom block, used to close the bottom 
end of the mold at the start of casting and to support and lower 
the ingot, is attached to a table which is raised or lowered hy- 
draulically. 

Square and rectangular ingots are cast by the D-C process 
similarly to round ingot, except that the equipment varies in the 
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form of the mold, the form of the sprays, and the shape of the 
bottom block. 

Hollow, round ingots for extrusion are D-C cast using the set- 
up for casting solid round ingots, except that an internal water- 
The 
tapered core is the same length as the mold, and the water cooling 
the core also cools the inside surface of the hollow ingot being 


cooled tapered core is used with an annular bottom block. 


cast, 

Three or more D-C ingots are cast simultaneously in semi- 
continuous operation; for example, three 16-in-OD  10-in-ID 
hollow ingots are cast at one time. 


QUALITY AND METALLURGICAL FAacToRs 


The aluminum-alloy ingot used for extruding, rolling, or forging 
should be as uniform as possible in chemical composition; — fine 
in grain structure; sound in that it is free from cracks, splits, 
and harmful porosity; and clean with respect to nonmetallic in- 
clusions. These requirements must be met to obtain the desired 
working characteristics in rolling, forging, or extruding, and to 
meet the rigid specifications established for aircraft materials. 
A poor-quality ingot cannot be made good in quality by subse- 
quent working, although the converse is true that a good ingot 
can be changed into a poor one by improper treatment subsequent 
to casting. 

The freezing of 1458, 248, and 758 aluminum alloys extends over 
a range in temperature of 230 F to 290 F, depending upon the 
These alloys, therefore, are subject to a phenomenon 
which results in the exterior of the 


alloy. 
termed “inverse segregation’ 
ingot being richer in alloying elements than the interior of 
the ingot. This inverse segregation is caused by shrinkage of the 
higher-melting-point aluminum alloy during solidification causing 
the still richer molten aluminum alloy to be forced in the direc- 
tion of heat flow. In D-C castings, the heat flows in a downward 
direction to the outer surface of the ingot, so that this outer por- 
tion is higher in alloying elements. The variation in chemical 
composition within the D-C ingot, because of inverse segregation, 
is Jess than that obtained by any other method of casting. It 
amounts to only a few tenths of one per cent of copper in 145 and 
24S alloy ingots that contain a nominal of 4.40 per cent copper. 

The very last alloy composition to freeze, termed “eutectic,” 
is found on the surface of D-C ingots in the form of exudations. 
These exudations are believed to result from the shrinkage of the 
outside dimensions of the ingot during solidification, thereby cre- 
ating a space between mold wall and ingot surface into which the 
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liquid eutectic is forced by hydrostatic pressure of the melt above 
it, and possibly by gas pressure. The exudations on the surface 
of the strong alloy ingots are quite brittle and usually are re- 
moved by machining. 

The rapid freezing obtained in D-C casting normally produces a 
fine equiaxed grain structure with a fine and well-distributed in- 
soluble constituent that affords excellent hot workability in all 
directions. Insoluble constituent is defined as a micrographically 
distinguishable part of the alloy which is insoluble in the 
principal surrounding metal (matrix) while in the solid state. 

Strong aluminum-alloy ingots have a marked tendency to crack 
when cast by the D-C method. This susceptibility to cracking 
is accentuated with increase in cross section of the ingot. There- 
fore D-C casting of the strong aluminum-alloy ingots of large 
cross-sectional area needed for the United States Air Force large- 
press program presents a complicated metallurgical problem, 
The reasons for the cracking tendency of any particular aluminum 
alloy are not known completely at this time, but are believed to 
be related primarily to the thermal-expansion characteristics of 
the alloy, and secondarily, to the freezing range and hot shortness 
of the alloy. Hot shortness is defined as brittleness at elevated 
temperatures, 

The stress imposed upon central portions of the ingot, which 
are restrained in contracting during cooling by the colder outer 
portions of the ingot, is believed the principal contributory 
cause of splitting or cracking. 
and in the cross-sectional area of the ingot tends to increase the 
temperature differential between the center and outer portions of 
the ingot, thereby increasing the stress tending to cause splitting. 

Attempts have been made to calculate roughly the stresses set 
up during D-C casting, or “water-casting’’ as it is designated in 
Europe, by making certain assumptions and using the equation 
(8) 


An increase in the rate of cooling 


a = coefficient of thermal expansion 

At = temperature differential between outer and center portions 
of ingot 

S = created stress 

E = modulus of elasticity 


The stresses calculated from this formula-appear exceedingly 
high; however, the fact that the calculated stresses are of such 
magnitude indicates that sufficient stresses for splitting an ingot 
can be set up during casting, if sufficient temperature differential 
exists within the ingot. 

Table 1 lists the coefficients of thermal expansion (9) of the high- 
strength aluminum alloys being discussed for comparison with 
their cracking tendencies. Different expansion coefficients from 
those listed exist for the cast structure and higher temperatures, 
However, the values listed serve to illustrate that a difference in 
expansion characteristics does exist in the alloys considered and 
that this difference is related to the cracking tendency. 


TABLE 1 CRACKING SUSCEPTIBILITY AND THERMAL 
EXPANSION 
Coeff of thermal 
Cracking expansion, in/deg C 
; Alloy susceptibility (20 C-300 C) 
Least 0.0000245 
248-0 Medium 0. 0000247 
758-0 Greatest 0. 0000260 


The temperature range (9%) in which the strong aluminum 
alloys freeze appears to bear some relationship to the cracking 
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sensitivity, possibly as it affects hot shortness, as is indicated in 
Table 2. 


TABLE 2 RELATION OF CRACKING SUSCEPTIBILITY TO 
FREEZING AND HOT WORKING RANGE (9) 
Hot 

-—~Freezing range working 

Splitting Solidus, Liquidus, range, 

Alloy tendency deg F deg F deg F 
Least 950 1180 500-900 
248 Medium 935 1180 500-900 
758 Createst 890 1180 SOO- 850 


Casting annular rings of varied aluminum-copper magnesium- 
alloy compositions by British investigators showed that eracks 
caused by hot shortness varied in degree with chemical composi- 
tion (10). This British work checked previous results obtained 
by German investigators, in which 63 different compositions of 
aluminum-magnesium-copper alloys containing IT per cent man- 
ganese were water-cast under identical conditions, in that a cer- 
tain range of alloy composition was found to be crack-sensitive 
(11). 
this country has shown that variations in chemical composition, 


Experience in the production of strong alloy D-C ingots in 


sometimes only slight variations, cause cracking. 

Heat extraction in a downward direction at a rapid rate by 
direct chilling makes the solidification zone, the space in which 
the mushy metal freezes and contracts to become a solid, rela- 
This allows the gases liberated in the change 
from liquid to solid to diffuse through the melt to the surface 
and pass off. D-C casting carried out in a manner to obtain a 
relatively wide solidification zone can cause gas entrapment by 
blocking diffusion and can cause porosity through lack of feeding 
liquid metal to interdendritic spaces. Dendrites are crystals, 
solidified initially from the liquid, having treelike structures. Lp 
the freezing of the aluminum alloys considered in this paper the 
dendritic structure is surrounded by liquid of lower melting pont, 
which subsequently freezes as the temperature decreases, filling 
the spaces between the dendrites, 

Gas and nonmetallic inclusions can be avoided or minimized 
by proper melting, alloying, and casting practices. : 


tively narrow. 


MELTING AND ALLOYING 


The nominal composition of the aluminum alloys discussed in 
this paper is given in Table 3. 


TABLE 3 NOMINAL CHEMICAL COMPOSITION OF 148, 248 
AND 758 ALUMINUM ALLOYS 
Chemical composition, per cent - 
Man- Mag- Chro- 
Alloy Silicon Copper ganese nesium Zine mum 
148 0.80 4.40 0 80 0.40 
248 ; 440 0 60 1.50 
758 1 50 2 50 5.50 O25 


Iron is present as an impurity, in the three alloys, averaging up 
to 0.50 per cent in 148 alloy, and lower in the other two alloys. 

These alloys are made by melting aluminum pig and /or serap, 
and adding the alloying element to obtain the desired con posi- 
tion. Magnesium and zinc, added as pure metals, require care 
to avoid oxidation and subsequent oxide inclusions. 

The furnaces used for melting and alloying are open-hearth 
type, fired with coal, oil, or gas, having capacities up to 100,000 
Ib. The furnaces either have one large hearth, or two hearths, 
one a melting hearth of larger capacity than the second, which is 
a holding hearth. The double-hearth furnaces have an advan- 
tage, in that melting can be carried out in the fore hearth while 
metal is being tapped from the holding hearth to a D-C casting 
unit. In addition, the holding hearth permits better performance 
of the fluxing, stirring, and skimming operations due to its 
smaller size, permits better control of the metal temperature, and 
allows the maintenance of a cleaner hearth. An _ electrically 
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heated ladle of 5000 Ib capacity is used in some aluminum plants 

to transfer the molten metal from the melting furnace to the 


casting Unit, 


In kourope, induction furnaces are preferred for melting alu- 


minum alloys, although electric-resistance furnaces are preferred 


for holding the metal for casting. Cleaner, more gas-free, and 


more uniform melts are claimed, 


Aluminum alloys, in the molten condition, have a greater pro- 


pensity for hydrogen with increasing temperature, Higher tem- 


peratures promote oxidation and combination with water vapor 


to form aluminum oxide and hydrogen, It is desirable, therefore, 


to maintain as low a temperature as possible, both in melting 


and holding, to avoid undue gassing, oxidation, and oxide inclu- 


Inclusions also can be eaused by breaking and entrapping the 


oxide film on the surface of the molten bath, and by spalling, or 


erosion, of the refractory lining of the furnace, 


Inclusions and gas can be removed or minimized by bubbling 


chlorine gas through the melt. This gas acts as a mechanical 


scavenger, probably promoting diffusion of hydrogen to the at- 


mosphere by providing greater surface area and by breaking the 


oxide film on the surface of the molten alloy (12). Inclusions are 


removed by fluxing with ehlorine gas through the seavenging 


action and, possibly, by decreasing surface tension of the liquid 


surrounding the inclusion, Care should be exercised in fluxing 


to keep agitation and bubbling of the surface of the melt to 


an effective minimum; otherwise excessive oxide entrapment can 


result, 
Cracking of strong alloy D-C 


ingots during production has 


been eliminated in some instances by a more thorough fluxing 


of the melt prior to casting. 


Casting VARIABLES 


The major tonnage of D-C strong alloy ingots, cast in this 


country, is poured from the melting furnace directly into the 


mold, The equipment and practice has to be such that transfer 


from the furnace to within the mold is accomplished with a mini- 


mum of agitation, This is necessary to avoid breaking the oxide 


film on the surface of the molten alloy and entrapping it in the 


melt. 

In discussing the variables encountered in D-C casting of 
solid ingots, it will be assumed that equipment, such as the mold, 
the pouring nose for introducing the metal into the mold, the rod 


for regulating flow, the water sprays, the bottom block, the low- 


ering mechanism, as well as special auxiliary equipment some- 


times used, is designed and aligned correctly for operation, 


Faulty design and misalignment can cause inability to cast or 


result in various ingot defects, 
The variables subject to control in direct-chill casting are as 


follows: 


1 Metal temperature 
2 Metal head (distance of meniscus of molten metal to bottom 


edge of mold) 7 
3% Amount and duration of cooling — 
Casting, or lowering rate 


at 


Although not mentioned previously, it is necessary to grease 
the inside surface of the mold to prevent sticking and tearing 


of the ingot surface. 
The temperature of the molten alloy entering the mold should 
be as low as possible, and yet avoid premature freezing in the 


mold, a condition which causes folds on the meniscus in the surface 
of the ingot, termed “cold shuts.’’ Metal temperature that is 
too high will result in coarse grain, cracks, or molten metal run- 


ning through the outer frozen shell. 
It would seem that the head should be as low as possible, in or- 
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der to freeze the entire cross section of the D-C ingot as quickly 
as possible by decreasing the time required to reach the bottom 
of the mold and direct water spray. The height of the head is 
limited by cold shuts, runouts of molten metal, or sticking in the 
mold. A sudden variation in the level of the head will result in a 
cold shut. Allowing the top surface of the molten metal to fall 
too low will result in turbulence and oxide inclusions. 

The rate of freezing can be controlled by varying the amount 
of water and to a minor extent by variable water temperature. 
‘Too large a quantity of water impinging directly on the ingot can 
In the casting of 32- 
in-diam 148 ingots, which will be discussed later, it was found 
Auxiliary 
made of rubber or other material, 


cause cracking of the strong alloy ingots. 


necessary to use very little water to avoid splitting. 
devices, designated ‘wipers,’ 
are used sometimes to remove the water from the surface of the 
Other auxiliary devices 
are attached to the mold to divert the water 


ingot « short distance below the mold. 
known as “skirts,” 
from the ingot surface, so that water can be sprayed directly on 
the ingot after it has emerged an inch or so from the mold. 
These devices usually are troublesome and are used in extreme 
cases to avoid splitting. Too little water causes surface cracks, 
tears, or runout of molten metal 

and the 
Generally, the aluminum alloy with the wide 
The 


lowering rate decreases with the increase in cross-sectional area 


The lowering rate varies with the aluminum alloy 
freezing range. 
solidification interval is cast at higher rates in this country. 
of the ingot being east. A faster lowering rate generally causes 
an increase in the depth of molten metal inside the outer frozen 
shell. 

Lanct INGor Cast EXPERIMENTALLY 

In 1945, 148 alloy rectangular ingots, 27'/2 in. & 45 in. in 
cross-sectional area and weighing approximately 12,000 lb, were 
cast 
tering the mold of around 1200 F, a metal head of 3 in., a lowering 


These ingots were cast using a metal temperature en- 


rate of L'/, ipm, and a medium to heavy amount of water from 
three sprays. The depth of molten metal during casting was 
found to be 18 in. 
24 in. for an ingot cast using a head of 5 in., a lowering rate of 1'/2 


This compared to a molten-metal depth of 


ipm, and a moderate amount of water directed from two sprays. 
The latter ingot had a very rough surface from exudations of low- 
melting constituent and was considered unsatisfactory because of 
being cast too hot. The ingots considered satisfactory were fab- 
ricated into heat-treated plate; examination of cross sections of 
the ingot and the finished plate indicated that these ingots were 
10-in. D-C 
Segregation studies showed a variation in copper content of 0.45 
This is more than 
that obtained in conventional ingots, but is not considered ex- 


more porous than conventional 10-in. xX ingots. 


per cent and in silicon content of 0.09 per cent. 


cessive for this size ingot. 

Measuring 32 in. in diam X 100 in. long, 148 alloy D-C in- 
gots weighing approximately 8000 Ib were cast using the arrange- 
ment shown in Fig. 1. One of these ingots is shown in Fig. 2. 
The heat distribution was determined during D-C casting of a 
$2-in-diam 148 ingot by inserting 20 thermocouples into the ingot 
during casting, as shown in Fig. 3. Temperature readings taken 
at various time intervals are shown in Fig. 4 and are plotted in 
relation to location of the thermocouples in the ingot. The ingot 
was cast by the following practice: 


Metal temperature in furnace, 1360 F 
Metal head, 3 in. 

Cooling, 3 sprays at maximum flow 
Lowering rate, ipm 


The molten metal or pipe depth was Il in. The ingot cracked 
internally after a length of 50 in. was cast, probably due to inser- 
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A 32-In-Diam 148 Atuminum-ALLoy D-C Incot 
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tion of the thermocouples, and split longitudinally 5 min after 
casting was completed. 

The distribution data showed an increasing difference in tem- 
perature between the inside top and outside top of the ingot as 
the length of the ingot being cast increased. This confirmed the 
observations made in previous casting attempts that the stress 
causing splitting increased in relation to the length of ingot cast, 
A study of the time-temperature data led to the establishment of 
the following successful casting practice: 


1 Metal temperature in pouring trough, 1250-1300 F 
Metal temperature in furnace, 1380-1400 F 

2 Metal head, 3! to 4! in. 

% Cooling, 2 sprays (top and bottom) at start; top spray only 
after casting 15 in. 


1 Lowering rate, to 1 ipm 


The molten-metal depth was 10 in. to 18 in. The ingot was 
headed by feeding molten metal to the shrink cavity after Lwer 
ing was stopped. 

Metallurgical evaluation of the 32-in-diam D-C 


14s ingot 


showed: 


1 Structure more porous and gassy than conventional smaller- 
size ingot. 

2 Insoluble constituent well distributed, but larger than that 
for smaller ingot. 

3 “Coring” much less than that in smaller ingot. (Coring 
isa variable composition within the cast grain with the center of 
the grain being poorer in alloving constituents than the outside. ) 

t Copper-content variation from the outside to the center 
Silicon variation 


(inverse segregation) was 0.26 to 0.53 per cent. 


amounted to 0.04 to 0.14 per cent. 


This metallurgical evaluation indieated relatively poor qual- 
ity. This probably was due to a relatively thick solidification 
zone resulting from a freezing rate too slow to obtain a minimum 
of shrinkage porosity and of retained gas. The use of a wiper to 
obtain a narrower solidification zone by a sharper chill and still 
retain the heat in the bottom portion of the ingot to equalize 
the ingot-temperature differential should prove beneficial, 
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PLAN VIEW 


TOP OF INGOT 


BOT TOM OF 
INGOT 


SIDE VIEW 


20 4 32-IN- 
Avuminum-AtLoy 


hig. 3) ARRANGEMENT OF 


Diam 148 


664" 1160" 


20° 470° 
255° sis* 
28° 


AFTER 40 MIN 


AFTER || MIN AFTER 26 MIN 


AFTER 79 MIN 


Hear Disraisution During THe Casting oF a 
$2-InN-Diam 148 [Noor 


experimental casting of a $2-in-diam 758 alloy D-C ingot using 
the practice developed for a 32-in-diam 148 alloy failed to pro- 
duce crack-free ingots. An indication was obtained that the use 


of a longer mold might prove beneficial, 
OOO TLOOK FOR INGors 


The difficulties to be expected in D-C casting « large, strong, 
The 


principal problems consist of determining a means to minimize 


aluminum-alloy ingot have been discussed in this paper 


the temperature differential and resultant strains in the ingot 
during casting to avoid cracks, and to obtain an ingot free from 
harmful porosity. There are probably several combinations of 
D-C casting variables that will produce a satisfactory ingot, 
Several modifications in D-C equipment have been considered 
but not tried because of the lack of the high-cost facilities needed, 
A requisite for casting the large ingot is clean molten metal con- 
taining 4 minimum of gas. The author agrees with KMuropean 
contention that the use of induction furnaces for melting and elee- 
tric furnaces for holding offer the best opportunity of obtaining 


clean gas-lree aluminum alloys, 
CONCLUSION 


In conclusion, it is the author’s opinion that the D-C casting 
of 148, 248, and 75S aluminum-alloy ingots of reetangular cross 
section up to 12,000 Ib in weight, and square and round ingots up 


j 
160° 60° 179° 
| | 
4 
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to 8000 Ib, will be developed to produce suitable, metallurgically 
sound, stock for the United States Air Force large-press program. 
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Examples of forging-design problems and progress are 
shown and discussed, illustrating recent advancements in 
the production of forgings with thin webs, smaller fillet 
and corner radii, and closer tolerances. Advancements in 
manufacturing techniques are described, including new 
processing methods and equipment. Factors affecting 
procurement time and cost are discussed. 


INTRODUCTION 


AFTER more than 5 years of experience in heavy-press 
operation for the production of aircraft forgings, there 
seem to be several general factors which contribute to the 
problems of manufacture, namely, time, quality, and cost. Cir- 
cumstances and engineering judgment dictate the relative impor- 
These three factors may be considered from two 
viewpoints—those which we must control and fix in our own shop, 
and those that depend for solution on adequate assistance from 
the outside. 
The following are some of the difficulties of production which 
we, as forging producers, can control or improve. 


tance of each. 


OVERCOMING PRODUCTION DIFFICULTIES 


Progress in Design. In the past year we have made considera- 
ble progress in developing new techniques for the forging of air- 
craft parts. We are faced constantly with the desire of the 
aircraft designers for forgings which will require a minimum of 
machining. This usually means less draft, thinner webs, smaller 
fillets and radii, and closer tolerances. We understand and 
appreciate these needs, but the extent to which they can be 
satisfied represents a compromise between the ultimate require- 
ments of the customers and the most practical methods we have 
at the moment. 

Figs. 1, 2, 3, and 4, show forgings designed so that there is prac- 
tically no machining on one side. 
absorbed in the finish allowed on the reverse side. 

We have learned on these jobs that a 0.25-in. fiilet is too small 
and that a minimum 0.380-in. fillet is needed for reasonable pro- 
duction success. The dies must be sunk, on the unmachined 
side, to the closest possible tolerances, and the forging delivered 
to the machine shop must be straightened to the same close toler- 
ances. Such designs call for special consideration in the control 
of distortion during machining. 

The raised pad in the web areas, shown in cross section in Fig. 
5, is for pressure relief. The pad is reduced to the desired thick- 


The necessary tolerances are 
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we 

ness at the edges for easy removal by 
a straight milling cut. We have found 
that a pressure-relief pad such as thir 
permits better die closure in mort 
CASES, 

Another illustration of a pressure- 
relief pad is shown in Fig. 6. The 
panel thickness desired on this part is 
approximately 0.600 in. Forgings pre- 
viously manufactured have required a 
raised pad about | in. thick, to get 
reasonable die closure, which then ir 
machined off by the customer. By 
adding a set of preforming dies, we 


have utilized a new approach, Fig. 7 


Fic. 4 The preblocker produces a splitting 
ForRGING OF RECENT action, forging the web to less than the 
Desian desired thickness at the center, This 


reduced section is then brought back 
to the desired thickness in the blocking and finishing operations, 
Fig. 8. 
all thin-web problems, the authors point out that the possibility 
of its successful operation greatly depends on the forging design 
and the relationship of the webs to the adjacent sections 


Lest the impression be given that this is the solution to 
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It is felt that such approaches, developed through close co- 
operation between the aircraft and the forging designer, offer the 
best hope for real progress, 

Progress in Production Technique. Passing from design to 
operational features of production, the reduction of frictional 
forces between the die and the forging has long been recognized 
as a significant problem. A great part of the available pressure 
used in flowing stock into the die cavity is expended to overcome 
friction at the die-metal interface. 

A firm specializing in die lubricant recently has produced a 
modified graphitic lubricant which has proved superior to the 
older ones. With this, the number of passes required to finish a 
large forging, Fig. 9, has been reduced materially. Improvement 
in die closure has been outstanding in a number of difficult jobs, 
particularly those having a raised parting line where the stock 
tends to be trapped in the die cavity, or where the area is so great 
that available pressure is low, Figs. 10 and 11. On a recent run 
of a job which commonly required 20 per cent strikeover for fill, 
Fig. 12, over 1200 forgings were made without a reject for under- 
fill. 
since neither dies nor method were changed otherwise. 
Manufacturing problems in the forging in- 


This can be ascribed almost entirely to the new lubricant, 


New Equipment. 
dustry, as in any other, are aided frequently by the use of new and 


better equipment. The great expansion going forward at the 


Fig. Fig. 10 
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MaGnesiuM-ALLoy Mortar-Bast FORGING 


Dik AND Master 


Larce Ky 
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Grafton, Mass., plant of the Air Force, involving the addition of 
50,000, 35,000, 7700, and 1500-ton presses with supporting 
facilities is a case in point. Fig. 13 shows the extent of new build- 
ing additions to date. 

We are now operating the 7700-ton press which is equipped with 
a 2000-ton side cylinder. 
cylinder, is used for gathering stock, extruding, and other up- 
setting operations, Closed-die forgings up to 400 sq in. projected 
area also can be produced successfully on this press. 

In addition to the press equipment, several large Keller ma- 
chines similar to that shown in Fig. 14, have been installed in the 
past year, which greatly increases our die-sinking capacity. 


This press, with the aid of the side 


FORGING-PRESS OPERATIONS, PRODUCTION 


Accurate die sinking is of utmost importance in our production, 
— and the finished die is only as good as the model from which it is 
made. 


It follows, too, the greater the accuracy required, the 


= the cost becomes. It is obvious that the quantity of parts 
— required is the governing factor in deciding whether to use 


special tools, 


New methods of building trim-die equipment is another step 
forward. 


Shown in Fig. 15 is a method we developed recently 


which provides greater flexibility by permitting interchange- 


ability of a number of trim-die plates and punches in the same 
—chuek, 
Another cost-reducing development has been an expande | use of 


This type design naturally reduces the cost of trim tools. 
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bia. 18 FORGING 


LANDING Gear CYLINOER 


4i- 


75$-T6 ALUMINUM 


NORMAL STOCK 
YIELD STRENGTH ULTIMATE ELONGATION 


_{P St) STRENGTH (PSI) 


CROSS - WORK STOCK 
TEST |YIELO STRENGTH) ULTIMATE 
ATION (PS!) TRENGTH (PS1) 


68,500 71,200 
67,100 76,500 
64,700 71,700 


_62,600 
67,600 


70,100 73,800 
67 “300 70; 


79,600 72,800 


[68,300 

70,700 
68,300 
67,300 800 


hig, 200 Mecnanican Properties of Lanpina-Gear CyLiInDER SHOWN IN Fig. 


KKirksite for a number of applications, including bending dies, 
Fig. 16, and straightening fixtures, Fig. 17. 

This leads to a discussion of the problems that we feel can be 
solved best by substantial assistance from our customers and 
suppliers. 

Product Quality, There are two phases of product quality that 
we think are controllable only partially in our shop. They are the 
attainment and maintenance of an adequate level of transverse 
mechanical properties in large forgings and the attainment and 
maintenance of satisfactory internal soundness as determined by 
the usual destructive tests supplemented by ultrasonic-inspection 
techniques, 

Figs. 18 and 19 show landing-gear forgings that were trouble 
some because of unsatisfactory transverse mechanical properties 
in some areas. The problem is not yet solved to the complete 


satisfaction of either the landing-gear manufacturer or ourselves, 


but the introduction of a considerable amount of mechanical work 
into the material prior to die-forging, coupled with perhaps some 
improvement in the level of material quality, has enabled us to 
produce usable forgings. In such a forging, we think it is im- 
portant to control metal flow so that material originally adjacent 
to the ingot center is not permitted to move into the flash. This, 
we think, minimizes flash-line defects. Fig. 20 shows some typical 
properties before and after the modification of forging methods. 
Figs. 6 and 8, used to illustrate design problems earlier in the 
paper, show an airframe fitting where ultrasonic indications 
caused by “unhealed porosity”’ have been troublesome. Fig. 21 
shows fractures through troublesome areas and good and bad con- 
ditions. A review of the manner in which this part is stressed in 
flight has enabled the airplane manufacturer to liberalize inspec- 
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tion standards to the point where nermal production can proceed, 
Since the ultrasonic-inspection standards for this part vary from 
area to area as service levels vary, it is possible to approach the 
problem in at least two wavs. Naturally, from our point of view, 
the best solution would be sufficient improvement in the forging 
stock so that greater freedom in use of die design and manufae- 
turing techniques would be acceptable. 

Meanwhile, the other solution is to analyze processing methods 


BorroM, 


MATeERIAL; 
Material 


at Top, Sounp 


AT 


in terms of known stock characteristics, and to so design tools and 
processes that best use is made of what is available. 


Time Facror ty Tooung-Ure 


The foregoing pretty well covers quality and manufacturing 
techniques and brings us to the time factor. The production of 
forging dies is a combination of design, die-sinking, and die- 
tryout. 


plete ship should start well in advance of the required delivery 


The design and development of forged parts for a com- 


date because of the many problems that arise in arriving at the 
best design, in procurement of materials, in time required to sink 
and check the dies, and finally in the development of the dies, 
We are occasionally faced with extended delivery of die blocks 
hig. 22 shows one of the first dies used in the 
The 
Maintaining a stock of such large 


for larwe forgings 
18,000-ton press, and Pig. 22 shows one of more recent date. 
difference in size is evident. 
blocks would not seem economically sound, but is a possible solu- 
tion if the present procurement time cannot be tolerated, 

As dies get larger, there is a tendency for them to be somewhat 
less sound and uniform toward the center 
24. 


dollars. The ultimate solution of this problem depends largely on 


This is shown in Fig. 
Defects of this kind are wasteful in man-hours as well as in 


the co-operative effort of both the user and the manufacturer of 
Die 
block producers are using sonic inspection methods at this time 


the blocks in setting up practical acceptance standards, 


to eliminate, if possible, the delivery of unsound blanks 

Much valuable time is saved if the information from the eus- 
tomer is accurate and complete, and if the aireraft designer 
understands the development and production problems of the 


forger. We know that the aireraft designers are aware of this be- 
‘ause of their frequent requests for new and up-to-date forging- 
design data. However, it must be remembered that especially in 
the case of the larger complex parts, each one presents its in- 
dividual problems in development. Therefore we cannot stress 
too much the increasing need for close co-operation between the 


designer and the producer, 


FORGING-PRESS 


OPERATIONS, PRODUCTION 


Pia. Dis 


Dereer 


The so-called “development forgings” are the first to come from 
a newly designed set of dies. The parts made in this test run 
amount to only a few pieces. We have found that our customers 
sometimes are interested in these first forgings, which, although 
they do not meet with all their requirements, are of value in 
setting up and trying out machining operations, jigs, fixtures, 
and soon, We have no objection to furnishing development 
forgings, except that there has been a tendency to place too much 


reliance on getting usable parts 
CONCLUSION 
In conclusion, it seems to the authors that the closest possible 
co-operation between the customer and the manufacturer is of the 
utmost Importance in achieving the ultimate goal, namely, high 
quality, reasonable cost, and best possible delivery. A real under- 
standing of each other's problems as well as close co-ordination 
between the designers and the technicians in manufacture will re- 
sult in mutual benefit to all 
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Giant presses now under construction or planned in this 
country will enlarge by severalfold the size of light-metal 
shapes and tubes that may be extruded. The operation of 

the new presses will present many production problems, 

both predicted and unpredicted, but at the same time will 
permit the extrusion of large or intricate shapes which 
lead to economy and versatility in aircraft construction. 

A review of operating techniques and problems associated 

with present large extrusion presses points out some of the 

expected problems and emphasizes the increased scope of 
the extrusion process to provide metal shapes designed for 


the utmost usefulness. 


is 
method largely developed within the present century for 


comparatively new manufacturing 

the fabrication of wrought-metal shapes and tubes. Ina 
relatively short period, extrusion has become established as one ol 
the most important methods for the manufacture of widely used 
shapes, particularly in the light-metal industry. 

Before discussing the production problems associated with the 
operation of large extrusion presses, it might be well to explain 
what is meant by a large press. The largest extrusion press in 
operation in this country today has a rated capacity of 5500 tons, 
The size most commonly used for producing the types ol extru- 
sions used in aircraft is the 2500-ton press. There is a distinet 
break between the ingot sizes used and the extrusions produced 


1 Metallurgist, Aluminum Company of America, 

Contributed by the ASME Aviation, Machine Design, Metals Engi- 
neering, Production Engineering Divisions; and the American Insti- 
tute of Mining and Metallurgical Engineers; the Institute of Aero- 
nautical Sciences; and the Society of Automotive Engineers; and 
presented at the Annual Meeting, New York, N. Y.. November 30 
December 5, 1952, of Tue American Soctrety of 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME. Headquarters, Sep- 
tember 18, 1952. Paper No. 52-—A-79 
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with 2500 and 4000-ton presses. On this basis, a press with a 
rated capacity of 4000 tons or more can be considered a large— 
extrusion press 


With the stipulated limitation of considering only light-metal 


extrusions used for modern aircraft, aluminum alloys will be 
discussed almost exclusively. Magnesium-alloy shapes are in the 
same category, but the relative tonnage produced on large presses 


is small at the present time, 


LQuirpMENtT 


With few exceptions the extrusion presses used in this country 
today for producing light-metal extruded shapes and tubes are 
of horizontal rather than vertical type, operate by pressure — 
applied hydraulically, and employ the direct method of extrusion. 
A press of this type, as shown in Fig. 1, and the extrusion process 
have been covered in considerable detail in the literature (1 to 5).* 
In the large-press category, most of the presses are equipped with 
However, there are a few presses not so 
Fundamental differ-_ 


With light 


piercer mechanisms, 
equipped, "These are termed rod presses. 


ences between the two types are Ulustrated in Fig. 2 


operate and control the large mandrels used in the extrusion of 
hollow shapes and tubes or for producing certain special types of 
solid shapes to be described later, 

With present extrusion presses, the bore of the largest eylinder : 
liners will handle ingots approximately 18 in, diam * 44 in. long. 
In the aluminum alloys, such an ingot should produce a finished 
ihout 800 Ib 
only 40,000 psi pressure could be applied against the ingot 


However, with the 5500-ton press, 
This 
is insufficient for the strong alloys unless the ingot length is greatly 


extrusion ol 
reduced or the shape produced is large and simple in desygn, For 
aircraft extrusions, eviinder liners fitting ingots in, and 14 in. 


> Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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diam are used most extensively in the present large presses, 
although 16-in-diam ingots can be and are extruded into certain 
types of sections from the strongest alloys. Thus the usual limit 
of extruded shapes from present presses is about 600 Ib. 

The first of the very large extrusion presses under the United 
States Air Force program is being constructed and installed at the 
present time. This press has a rated capacity of 13,200 tons. 
The inside diameter of cylinder liners will vary from 15'/, in. to 
20'/, in. and be of sufficient length to handle ingots 70 in. long. 
Contemplated manufacturing limits for solid shapes produced 
with this press and its planned auxiliary equipment have been 
established with a maximum length of heat-treated aluminum- 
alloy extrusion of 90 ft, a maximum weight of 2300 lb, and a maxi- 
mum cross section to fit within a circumscribing circle having a 
diameter of 23 in. Such units cannot be stated on an absolute 
basis and, under certain conditions, they may be exceeded. 
Tubes and certain hollow shapes of larger diameter are a distinct 
probability. The minimum thickness for the average shape which 
can be extruded in several aluminum alloys is shown in Table 1. 


TABLE 1 


MINIMUM THICKNESS EXTRUDED WITH 13,200-TON 
PRESS 


ad Cireumscribing 
circle diameter, 
in, 38-638 

0.093 
0.109 
0.125 
0.140 


Minimum thickness of solid shapes,® in.—~ 
618-628 148 248-758 
0.109 0.156 
0.125 0.187 
0.140 0.250 
0.156 0.375 


0.125 
0.156 
0.171 


16 to (not inel.) 19. 
0.187 


10 to (not inel.) 23.... 


®@ Greater thickness may be necessary for some shapes whereas lesser 
thickness may be possible for others. 


It is expected that solid ingots which fit a cylinder liner 
25'/, in. ID will be the largest to be found in general usage in 
a 13,200-ton press, with a larger cylinder being available for ex- 
truding hollow shapes and tubes. The 25'/, in. cylinder permits 
the application of slightly over 50,000 psi pressure to the ingot. 
Sound high-quality ingots in 75S alloy have been cast and are 
available for extrusion in the sizes needed, 

At the time of this writing, photographs of the assembled press 
are not available but some idea of its size can be gained from the 
fact that the foundation for the press is 172 ft long X 53 ft wide 
x 13 to 17 ft deep. This does not include the runout table, 
which will add considerably to the total length. 

Extrusion Toois 

Extrusion tools present a severe test for steels since they must 
retain their strength qualities at the relatively high temperatures 
at which they are used, are subjected to high stresses, must have 
good abrasion or wear resistance, and must be able to withstand 


shock loads. ‘The essential extrusion tools, comprising dies, man- 
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drels, dummy blocks, backup pieces, and container liners, are 
fabricated from high-heat-resisting steels. The usual steels are 
of the tungsten-chromium type and may contain from 1 to 15 per 
cent tungsten and 1 to 12 per cent chromium with smaller addi- 
tions of nickel, molybdenum, manganese, vanadium, or silicon, 
depending upon the metal being extruded or the exact tool being 
used. 

Diemaking in the extrusion industry is considered an art, 
although extensive experimental work has been conducted to 
establish engineering principles, ascertain working formulas, and 
set up die design on a scientific basis. Much has been accom- 
plished, but it is not yet possible to design and build a die for a 
complicated shape with complete assurance that it will produce a 
usable extrusion the first time it is tried. Dies for many non- 
symmetrical shapes may be tried and altered several times before 
a satisfactory extrusion is obtained, particularly with dies for 
large presses, Making extensive alterations is expensive, time- 
consuming of press and manpower, and wasteful of ingot stock. 
Fortunately, enough is known about diebuilding so that it is rarely 
necessary to construct a new die in order to make the required 
alteration. 

The die designer must consider the characteristics of the alloy to 
be extruded, make allowances for stress and distortion, for 
thermal contraction of the extruded shape following extrusion, 
and for reduction in thickness on stretching to obtain straight- 
ness, and also balance the metal flow for uniform velocity through 
all parts of the die opening. 

The pressure applied against the ingot to cause extrusion is not 
transmitted uniformly through the ingot to the die face. Fric- 
tion between the ingot and the inside wall of the cylinder liner 
exerts a retarding influence, thus creating a tendency for the metal 
to flow with greater rapidity through the center portion of the die. 
The size of the die opening influences the ease of extrusion not 
only by the effect on the total reduction from ingot to extruded 
shape, but also variations in the opening in various parts of a 
single die create different metal-flow tendencies. For example, it 
is difficult to fill completely thin extending protrusions attached to 
a heavy body of an extrusion because of the easier flow through 
the larger portion of the die opening. The magnitude of the 
variations in flow characteristics becomes greater as ingot size or 
section size is increased. 

It is apparent that the die-designer’s problems become exagger- 
ated with large extrusion presses with the result that the availa- 
ble means of compensating for the nonuniform flow must be 
utilized to a greater extent. The compensating factors include 
varying the arrangement of the opening on the die face, providing 
extra width of opening for thin portions of the shape, and adjust- 
ment of the bearing length in various portions of the die. Normal 
bearing lengths for simple extrusions may vary from #/)5 in. to 
3/,in., but for intricate and large extrusions bearing lengths in the 
large-opening portion of the die may be several inches. Such 
bearings may be shaped to provide a choke or relief after initial 
construction in order to retard or speed up the flow of certain ele- 
ments of the extruded shape. 

Typical extrusion dies are illustrated in Fig. 3. 
die has a flat working face and the entrance may be at a sharp 90 
deg normal to this face with or without a slight radius on the sharp 
corner. Dies for the larger extrusions contain single openings, 
but with smaller sections multiple openings, generally from 2 to 8 
Multiple-opening dies must be con- 


The preferred 


in number, are customary. 
structed to produce uniform lengths from all openings. 

For a shape which has extreme unbalance of flow it is possible 
This 
procedure has been used only to a minor extent in this country, 
but may be used more extensively for extruding very large sec- 


to provide additional compensating openings in the die. 


tions. For extreme sections, this method would offer advantages 
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Fic. 3) Typicar Extrusion Dies 


EXPLODED ouT-awayr SECTION 


Fic. 4 Typreat Porruoite Dig 


from the standpoint of cost over the method of constructing dies 
with extra-long bearing lengths. 

Spider, bridge, or porthole dies, as they may be termed, are 
used to produce hollow shapes or tubes from solid ingots. A 
typical die of this type is shown in Fig 4. In their operation the 
solid ingot is parted into two or more streams and then reunited in 
the die, the parts welding together to form a hollow extrusion. 
Only a few such sections have been used in aircraft construction, 
as they are not readily adaptable to strong alloys. The advent of 
larger extrusion presses offers a means of increasing the use of 
similar dies. 

The production of stepped extrusions used extensively for air- 
craft wing spars is almost exclusively a feature of the large press. 
A die to produce a stepped extrusion as shown in Fig. 5, is con- 
structed with several parts. Certain parts of the die may be re- 
placed with others providing larger openings at one or more stages 
during extrusion. Higher than normal extrusion pressure re- 
quirements are dictated in order to permit extrusion of an initial 
small section and provide sufficient cylinder size for adequate 
extrusion ratio for the larger final section. 

Iixtrusions tapered from end to end have received consideration 
from several experimenters. It is generally conceded that the 
best method of producing tapered sectiojs is to group a number of 
them in a symmetrical design around a n\andrel so contoured as to 
produce the desired taper. Fig. 6 presents a cross-sectional view 
of a mandrel and die at two positions in order to show the cus- 


tomary tools used. Production of this type of section is limited 


Dit ASSeMBLIFS FOR A STEPPED Extrusion 


(A, Assembly for section at rear of step 
step.) 


d 


B, Assembly for section preceding 


Fic. 6 Dit anp Manprer Assempiies ror Tarperep Extrusions 


(A, Cross section through extrusion tools when extrusion just started. B, 
Cross section through extrusion tools when extrusion almost complete.) 


with present extrusion presses, but the very large presses will 
make the method more attractive, 

Mandrels for hollow shapes and tubes generally contain a slight 
taper; thus the inside diameter of a tube will be slightly smaller ; 
at the start of extrusion than at the finish. The amount of this 
taper has been decreased substantially during recent years and it 
is now possible to produce extruded tubes to close dimensional 
tolerances, whereas previously it} was considered necessary to 
utilize cold-drawing for a sizing operation. This development has 
Care- 
ful alignment of the extrusion press as well as close control of ingot 
and cylinder liner sizes is necessary for producing close tolerance 
extruded tubes. The larger presses will permit extending the size 
range upward; in fact, the largest of the cylinder sizes are being 
obtained for this purpose. 

With the large presses, tool costs are high and extreme care 
must be exercised in their use. Adequate backup tools are re- | 
quired to prevent excessive die breakage. An enormous energy 
is available for use. Well designed tools can utilize it with effi- 
ciency, but poor tools spell catastrophe. 


markedly decreased the cost of light metal tube and pipe. 


PRACTICES 


A few of the small extrusion presses in this country are operated 
by the indirect: method; 
common and is used for all large presses except in rare cases where 


however, the direct method is the most 
a combination of the two methods may be employed. Direct ex- 
trusion has found widespread use principally because tooling is 
simpler, extrusions of greater width can be produced, surface — 
quality is better, and it is more easily adapted to the use of multi- 
ple-hole dies. The large presses are directly tied to several of 
these factors. Disadvantages of the direct method are greater 
pressure requirements, less uniformity of working of the extru 
sion, and the formation of defects in the last metal to be ex- 
truded if proper practices are not employed. 

The alloy to be extruded, pressure available, extrusion ratio, 
temperature of ingot and cylinder, and permissible extrusion speed — 
are all interrelated variables which govern the extrusion process, 

In direct extrusion, maximum pressure is required to start the 
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ly as the operation proceeds. 


This is related to the area of contact between the ingot surface and 


extrusion, decreasing progressive 


the cylinder liner, and thus any inerease in ingot length requires a 
corresponding increase in the pressure applied. In commercial 
practice, the ingot length is usually within the limits of one to four 
times the ingot diameter. Extrusion rate is directly proportional 
to the pressure applied, as control of pressure is the means em- 
ployed to regulate the rate. 

The ratio of the cross-sectional area of the cylinder opening to 
the cross-sectional area of the extrusion, termed the extrusion 
ratio, has a definite effect upon the pressure requirement for ex- 
trusion. As this ratio becomes smaller, less pressure is necessary, 
In usual practice, the extrusion 
One of the 


reasons for large extrusion presses is to produce large extrusions 


but there must be limitations 
ratio will vary from a minimum of 10 to over 100. 


that are sufficientl, worked to have completely wrought struc- 
tures 

An increase in ingot and evlinder temperatures decreases pres- 
sure requirements for metal flow but reduces the possible ex- 
trusion speed. With alloys where extrusion speeds are slow and 
critical, it is the general practice to control temperatures at 
minimum values compatible with maximum available pressure to 
obtain the higher extrusion rates. Although extrusion pri- 
marily a process where the work is done by compressive forces, 
tensile stresses do develop in the outer fibers of the extrusion as it 
passes through the die. These tensile stresses originate from the 
tendency for more rapid flow through the center portion of the die 
opening and the retarding effect of friction between the extrusion 
and the die bearing. When these stresses exceed the strength of 
the metal, surface rupture or broken surface will occur. Large die 
openings exaggerate the effect of the stress gradient caused by un- 
equal flow, and for this type of section the extrusion rate is low. 

Aluminum alloys, like other metals, decrease in strength with in- 
creasing temperature, The higher the temperature developed in 
the emerging extrusion, the lower the speed at which surface 
breaking will occur, hence the lower the permissible extrusion 
speed. In aluminum alloys with low alloy content, comparatively 
high extrusion speeds are possible and temperatures may reach 
high levels before surface rupture will occur, The high-strength 
alloys, because of the presence of substantial alloying constituent, 
will develop broken surface at lower temperatures and speeds; 
with such allovs, speed is particularly critical and requires close 
control 

The general practice in extruding is to maintain the cylinder 
temperature lower than the ingot temperature. This practice 
facilitates starting the extrusion when the pressure requirement is 
at a maximum because of inertia and maximum contact between 
ingot and cylinder. After extrusion has progressed and the pres- 
sure requirement sed, th 
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generated by deformation, thereby maintaining a more uniform 
heat balance throughout the cycle. 

Another means of increasing extrusion speed (and thus pro- 
duction rate) that is particularly applicable to large sections and 
high-strength alloys is to employ a patented scheme of water- 
cooling the extrusion die. The cooling water removes the heat 
generated from the areas where it is most harmful and permits 
speed increases of 30 to over 100 per cent in large extrusions of 
758 alloy. 

AUXILIARY EQuiIPMENT 


In order to derive the utmost advantage from large extrusion 
presses, the auxiliary equipment such as heat-treating, preheat- 
ing, and reheating furnaces, and straightening machines must be 
available on a comparable basis. 

According to Dix (6), preheating is a high temperature treat- 
ment preliminary to a hot working operation and generally in- 
volves sufficient time to improve the homogeneity of a cast struc- 
ture. The readily soluble constituents dissolve and become more 
uniformly distributed, and those less soluble spheroidize and 
agglomerate to form larger particle sizes. 
nuprove the hot working characteristics of an aluminum alloy and 
for some alloys the effects persist through subsequent operations, 


Changes of this type 


resulting in « finer grain size and more uniform mechanical proper- 
ties in the finished product. Larger presses do not create any 
preheating problem other than that the furnaces must be of suffi- 
cient size to handle large ingots. Probably longer soaking times 
at preheating temperatures will be required. Preheating becomes 
of greater importance as ingot size is increased because constitu- 
ent size is larger, structures are less homogeneous, hot working 
will be less in percentage of total deformation, and maximum aid 
is required to obtain reasonable extrusion speeds. 

Furnaces for heating the ingots to the extrusion temperature 
must be provided in a size adapted to large ingots. These are 
termed reheating furnaces and may be of the chain conveyer type, 
generally gas or oil fired. Or such heating may be performed by 
induction coils. Heating rapidly by induction offers an additional 
advantage for alloys difficult to extrude in that the inget may be 
differentially heated with a marked thermal gradient from: one end 
tothe other. This provides hot metal adjacent to the die face for 
ease In starting the extrusion when the pressure requirement is at 
a maximum and subsequently it provides cooler metal to absorb 
the heat of deformation and permit higher extrusion rates. 

Solunon-heat-treating and aging furnaces must handle long 
lengths if adequate usage is to be made of large extrusion presses. 
The customary vertical furnace used for extrusion heat-treatment 
cannot be extended economically much beyond a length permit- 
A horizontal furnace 


and water-spray- 


ting the production of 40-ft extrusions, 
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spars were produced from extrusions which were not stretched, 
With the increase 
in extrusion press size contemplated, the building of adequate 


and the lower three from stretched extrusions, 


stretchers becomes a real problem. 

The largest stretcher now available in an extrusion plant will 
exert a pull of 750,000 Ib, which is sufficient to handle a 755 ex- 
Larger shapes have 
been stretched in this alloy by carefully co-ordinating the heat- 


trusion with a cross-sectional area of 15 sq in. 


treatment and stretching operations, This stretcher is shown in 
Fig. 10. A stretcher capable of exerting a pull of 3,000,000 Ib is 
being built and installed to operate in conjunction with the 
This stretcher will 
be of sufficient size to straighten 7558 extrusions having cross- 


13,200-ton extrusion press mentioned earlier. 


sectional areas as large as 60 sq in, ‘ 
STRUCTURE PROPERTIES 


Numerous studies have been made to determine the character 

of metal flow during extrusion (5,7). The results of such studies 

reach far beyond academic interest as the size of extrusions be- 


as A 


quene hing i in shown in Fig. Phis furnace will heat-treat large 


extrusions and provide finish. lengths of YO ft. Aging furnaces 


of equivalent length are available and are used in conjunction 


with the solution-heat-treating furnace 

The fundamental method of straightening extrusions is by 
stretching. Other types of straighteners, such as hydraulically 
motor-driven detwisters and 


operated arbor presses, contour- 


rolling machines, as shown in Fig. 8, are used to supplement 


stretching or to straighten sections beyond the capacity of an 
available stretcher. However, stretching relieves internal stress 
~ resulting from heat-treat quenching and thus substantially 
‘minimizes distortion which may occur when contour milling air- 
This is illustrated in Fig. 9. 


craft parts. The upper three wing 


239 
Practical application of the knowledge gained 


from metal-flow investigations has determined the cause of struc- 


comes larger. 


tural variations and formation of certain defects peculiar to the 
extrusion process. One procedure for studying metal flow is to — 
section and macro-etch ingots extruded to various increments of 
Two such sectioned partially extruded ingots 
11 and 12 


adjoining alternate transverse 


the original length. 
Composite ingots specially pre- 
disks of two alloys 
similar in extrusion characteristics but with different etching 


ire shown in Figs, 
pared by 


characteristics and following the procedure described, present a 


more visible picture. Illustrated in Figs. 14 and 14 are the re- 


sults of applying this technique to aluminum and magnesium 
It will be noted that the flow characteristics of the two 


alloys. 
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Pattern or aN ALUMINUM ALLoy During Extru- 


INGor Hace ExtRupED 


PatTerNn or AN ALUMINUM ALLoy During 
Extrusion ALMosT COMPLETE 


metals are distinetly different. Although direct extrusion was 
used in both cases, the flow of the magnesium alloys resembles the 
flow of aluminum alloys extruded by the indirect method. For 
this reason it is customary to surface-machine magnesium-alloy 


ingots prior to extrusion in order to improve surface conditio as. 


There are three separately distinguishable zones of deforma- 
tion in an aluminum-alloy ingot during extrusion. A zone which 
remains relatively immobile lies immediately adjacent to the 
shoulders of the die and the neighboring cylinder wall. Imme- 
diately in front of the die opening is a funnel shaped region in 
which the principal deformation occurs, This region possesses two 
zones. In the central zone, the metal flows most rapidly and 
deformation occurs primarily by a simple elongation correspond- 
ing closely to the actual change in cross section between the ingot 
and the extrusion, Surrounding this center zone is a zone that 
undergoes severe deformation as the metal passes diagonally with 
Metal from this region forms the 


Thus the central portion of the 


heavy shear into the extrusion, 
outer portion of the extrusion, 
extrusion experiences a lesser amount of deformation, whereas 
units toward the outer surface undergo successively greater de- 
formation, Metal in the center of a vertical plane through the 
ingot will occur forward of metal at the outer portion of this plane 
in the extrusion, 

The extreme front end of an extrusion receives little equivalent 
cold work, the amount progressively increasing as extrusion pro- 
Under certain conditions, this results in a variation of the 
The exact nature of this 


ceeds 
metal structure throughout the length, 
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Fig. 14 


structure depends upon the extrusion conditions such as tempera- 
ture, extrusion ratio, size, and alloy. For small sections and the 
softer alloys, such structural variations are relatively unimportant 
but with large extrusions of the alloy types used for aircraft con- 
struction the effects of each structural variation must be evalu- 
ated carefully with respect to mechanical properties. For instance, 
the extreme front end of a large strong alloy extrusion will contain 
remnants of the ingot-cast structure and must. be removed. 

The strong aluminum alloys do not reerystallize readily during 
extrusion or subsequent thermal treatments. With large sections, 
any recrystallization that does occur will be found in an outer 
band, which increases in thickness toward the rear of the extru- 
sion, and the recrystallized band may show relatively coarse 
grains, This is illustrated in Fig. 15. The center portion of the 
shape and for large 758 shapes, the entire cross section, will have 
an unrecrystallized but highly worked structure which has a high 
degree of preferred orientation in the longitudinal direction. It 
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Fig, 16 


is this high degree of preferred orientation that imparts to alu- 
minum-alloy extruded shapes high longitudinal! tensile and yield 
strengths above those considered normal for shapes produced by 
other methods. Extensive use is made of this fact in the design of 
aireraft structures, particularly wing spars. 

Relatively thin sections receive more equivalent cold work 
during the extrusion operation and are thus more completely 
recrystallized. Aircraft’ specifications covering the mechanical 
properties of strong aluminum alloys recognize this fact and re- 
quire higher tensile and yield strengths for the larger sections. 
However, with further increase in size of extrusion, other factors 
such as decreased extrusion ratio and slower quench rate from 
influence, and mechanical 
This effect is illus- 


solution heat-treatnent exert. their 
properties show a tendency to lower values 
trated in Fig. 16. Larger extrusion presses will represent a 
partial solution to this problem, 

Information on the longitudinal tensile properties of large ex- 
trusions are available from a number of sources. As section size 
has increased, properties in other directions, particularly trans- 
verse properties, have become of greater importance and aircraft 
minimum 
By testing at various 


designers are insisting upon the establishment of 
specification values for such properties, 
angles to the direction of extrusion, the directional tensile proper- 
The data 


In developing the reason for 


ties of a large 248-T4 extrusion were determined. 
obtained are shown in Fig. 17. 
lower properties in the transverse and related directions, « similar 
extrusion was cold-worked a slight amount by stretching prior to 
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heat-treatment, with the result of recrystallization removing the 
highly preferred orientation effect. In this instance, properties 
as shown in Fig. 18 were similar in all directions of testing. 

With stepped extrusions, at the point of junction between two 
section sizes the alignment of the structure will be at an angle to 
the direction of extrusion. As illustrated in Fig. 19, this has a 
corresponding effect upon the longitudinal mechanical properties, 
and values somewhat lower than values at points distant from the 
step may be obtained, However, the direction of metal flow 
corresponds closely to the direction of applied major stresses 
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DIRECTION OF EXTRUSION 


RING conDmc 


Kia. 20) Extrusion Rear-ENnp Derects 


when the extrusion is used as an aircraft wing spar; thus no 
impairment to permissible design values is indicated, 

At the rear of an extrusion produced by the direct method there 
may be found two abnormal conditions if the extrusion process is 
carried beyond what is considered good practice. Most extrusion 
plants employ some means of inspecting each piece for such 
abnormalities or defective conditions, if the application is such 
that it requires complete freedom. For aluminum alloys, this is 
done by deep caustic-etching of slices from the rear portion of 
each extrusion. The two conditions are illustrated in Fig. 20. 
One of these conditions, often termed “the extrusion defect,” is 
a conical-shaped cavity increasing in diameter toward the rear. 
It has its source in transverse flow across the face of the dummy 
block and its final form results in a cavity formed by a pulling 
away from the center of the block. Its control is rather simple 
as anything that slows down the transverse flow on the dummy 
block minimizes the defect to the point of negligible effect. The 
other abnormality which has been called “the ring condition’ 
may occur earlier in the extrusion and its control is more difficu 
Its source lies in the surface of the ingot and in the flow patte 
developed by extrusion. If the ingot surface contains oxi 
inclusions or other defects to a considerable depth, the ring co 
dition may be found before half of the metal is extruded, b 
normally it is confined to the extreme rear. As ingots and se 
tions become larger, more rear end discard on a percentage ba: 
of the ingot length is required to remove the undesirable co 
ditions completely. 

Broken surface shown in Fig. 21 was mentioned previous 
Normally, this will occur first at sharp corners or radii, but in mo 
severe cases can cover the entire surface of the extrusion. The 
breaks result from excessive extrusion speed for the alloy under 
the temperature conditions existing. 

Die lines and pickup are two other typical surface defects 
associated with the extrusion process. The die lines are caused 
by adherence of metal to the die or, in the more usual case, 
scratches in the die bearing resulting from hard particles being 
extruded through the opening. They are not particularly 
troublesome with large aireraft sections. An abnormally severe 
case of pickup, as shown in Fig, 22, is a result of oxidation at the 
die bearing of meta! during the hot-extrusion process, The oxide 
formed may agglomerate into fair-sized particles as it collects 
and finally adheres to the surface of the extrusion. This type of 
defect is particularly troublesome with the strong alloys when it 
to use relatively high extrusion temperatures. 


is necessary 
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Thorough cleaning of the die bearing and water-cooling of the 
extrusion tools minimize the occurrence of pickup. 

Of primary importance for the production of high quality large 
aircraft extrusions is the type of ingot stock available. Good 
ingots must be sound and have uniform fine grained structure 
free of porosity, segregation, Fortunately, 
ingot casting has kept in step with the 
extrusion presses and will not represent any deterrent to their use, 


and surface defects. 


procurement of larger 


SpeciaL Propvucts 
Besides the normal types of extrusions, certain specialties have 
been mentioned and these present problems of fabrication far 
beyond their proportionate share, The advent of larger extrusion 
presses will create the possibility for producing many more of 
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Die Extrusion 
such commodities and present the opportunity to exercise the 
utmost in Ingenuity to create useful things 

Stepped extrusions (8) have been discussed, as they represent 
a typical large press product. A common type of stepped ex- 
trusion may be seen in Fig. 23. 

Integrally rib-stiffened aireraft wing panels have been the eause 
of much experimentation with the extrusion process. Several 
schemes have been tried with good results. The extrusion part 
of the problem is relatively simple, but straightening to the 
necessary flatness presents more difficulty. With present presses, 
the limit for such extrusions is about 27 in. wide, but, with the 
installation of the 13,200-ton extrusion press, it is conservatively 
estimated that this can be increased to 34 in. Typical sections 
are shown in Fig. 24 

It was stated that the use of hollow extrusions produced with a 


porthole die was not the usual thing for aireraft structures 
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However, an example of a section used as a helicopter blade is 
given in Fig. 25. 

A group of typical aircraft extrusions, illustrated in Fig. 26, 
shows several very large sections now produced, Larger presses 
not only will add to the size of these sections but also will con- 
tribute to the intrieaey of design with higher pressures available 
for cylinder sizes now in-use. In addition, the large press should 
assist in the production of high quality forging stock in. sizes 
bevond present availability and present the opportunity for 
employing various combinations of extrusion and forging to 
produce new materials, 


The extrusion process, when conducted with proper controls, 


produces « product of high quality and good mechanical proper- 


ties, Sections may be simple or complieated, balanced or un- 
balaneed, syinmetrical or nonsymmetrical, solid or hollow, and 
the process comes very close to satisiying all the whims and 


fancies of the design engineer 
ACKNOWLEDGMENTS 


It is a pleasure to acknowledge the helpful support and assist- 
ance received from many of the author's colleagues in the Alu- 
minum Company of America whose work has contributed to the 
information presented in this paper, 


BIBLIOGKRAPHY 


1 Extrusion of Metals.” by ©. Pearson, Jolin Wiley & 
Ine., New York, N. Y., first edition, 1944 
2 “Extrusion Process,”’ by Cotter and W. RK. Clark, Trans. 
AIMEE, vol. 166, 1946, pp. 447-457 
% “Some Factors Affecting the Rate of Extrusion of 
Alloys,’ by T. L. Fritzlen, Trans. AIME, vol. 166, 1946, pp 
1 “The Working of Metals,” by D. K ASM 
land, Ohio, 1947, pp. 54 83 
5 “Practical Metallurgy.” by G 
Cleveland, Ohio, first edition, 1940, pp. S63 375 
“Physical Metallurgy of Aluminum Alloys.” by H 
, Cleveland, Ohio, first edition, 1949, pp. 201, 211-212 
7 “The Plastic Forming of Metals,”’ by bk. Siebel (Translated by 
J. Hiteheock), Steel, vol. 94, March 26, 1934, pp. 38, 39, 41. 
& “Stepped Extrusions,” by K. Thornton, Mechanical Engi- 
1944, pp. 445 446 


Sons, 


Aluminum 
158 465. 
Crampton (‘leve- 


Sachs and K. Van Horn 


Dix, Jr., 


neering, vol. 66 


@ 16 


1533 
=| 
N 
=| 4 \ 
| 
— 
4 
4 


Discussion 


DiscussiON ON Parer 


EuGene Scuickier.' It is the purpose of this discussion to 
amplify the remarks made by the author under his ‘general 
considerations,"’ wherein he stated that the advantages of in- 
creased precision will be available to decrease the cost of similar 
forgings and extrusions. He considers this an important con- 
sideration which is too often overlooked in the face of the more 
glamorous large extrusions and forgings. 

As it is generally realized by engineers both within and without 
the aircraft industry, weight is of prime importance in range and 
performance considerations for present-day high-speed airplanes. 
Boeing Airplane Company uses and contemplates using many 
light-metal forgings. ‘These forgings are used for such parts as 
fittings, wing ribs, landing-gear parts, and fuselage bulkheads. 
At present these forgings are generally supplied with 7-deg draft 
angles, thick webs, and large fillet radii. Weight requirements 
being what they are, these present forgings should be considered 
merely as raw material for parts or forging approximations even 
in their present best form. In order to make these forgings usable 
as aircraft components, it is mandatory that every ounce of 
excess weight be machined away. This often requires the use 
of large and expensive contour-milling equipment, such as Kellers 
and Hydrotels. 

Our studies have indicated that the contour-milling capacity 
of the country at large is insufficient to supply the forging ma- 
chining requirements for present-type forgings if they were 
utilized extensively on one of our modern larze-production air- 
planes. Because of this fact, it was necessary to seek alternative 
methods of fabricating these components, One method is utiliza- 
tion of welded-steel assemblies. Although the strength-weight 
ratio of steel is generally less than that of the best of structural 
aluminum alloys, advantage must be taken of the possibility of 
better metal placement in the welded components, such as the 
use of tubular struts in place of forged ribs in order to prevent 
Another method is the use of built-up struc- 
In these parts it is obvious 


a weight increase. 
tures attached by bolts or rivets. 
that the weight is increased by the doubling of material at the 
joints plus the weight of the fasteners, 

It will be necessary to effect a close co-ordination between the 
airframe designers and the forging suppliers in order that the 
exchange of information ultimately will produce the best com- 
promise between them in the utilization and fabrication of 
forgings. ‘The maximum-size forging which the largest. present 
forging press for light-metal alloys is capable of producing is 
approximately 1000 sq in. of projected area. Forging pressures 
in the magnitude of approximately 20 tons per sq in. are used. 
Eventually we expect to obtain forgings which can be used in the 
production airplane directly as received from the forging presses 
with the exception of a small amount of machining at attaching 
points and faying surfaces. To do this, we would desire forgings 
having from 0 to 1 deg outside and from 0 or 1 to 3 deg inside 
draft angles and with thinner webs than we have been receiving 
currently, Mismatch tolerances and thickness tolerances will 
need to be decreased to avoid weight penalty in the airplane. 
It is expected that the large presses should be able to produce 
forgings of present-day sizes with these qualities. Forging pres- 
sures may need to be doubled or more of those presently utilized. 
There still may be use for the present conventional forgings 
using the present forging pressures and obtaining maximum-size 
forgings. However, it is doubtful if the present contour-milling 


' Boeing Airplane Company, Seattle, Wash. 


capacity of the country could accommodate the output required 
for the manufacture of a production quantity of a single large 
airplane. Machining costs of present standard forgings usually 
run from $20 to $200 per Ib of weight removed. 

It is our goal to receive forgings which require machining at 
attaching points and faying surfaces only. It is hoped that con- 
siderable contour milling will be unnecessary and that weight 
removal will be performed in the forging process. These parts 
are known as precision forgings. It is to be noted that the Boeing 
Airplane Company is currently co-ordinating with forging 
suppliers to produce relatively smal! experimental parts of this 
nature so that by the time the large presses are in operation, 
sufficient experience will be gained to permit larger precision 


forgings to be made on these presses, 
‘ 


KE. V. Crane.? We can certainly express general agreement 
with the author, for the press design selected by his company, 
and that chosen by the writer’s company have much in common. 
One remarkable similarity stands out for both companies—an esti- 
mated weight of 5000 tons for the presses of 35,000 tons capacity. 
Bliss, however, chose the underdrive arrangement, Figs. 1 and 
2 of this discussion, with the objectives of keeping the hydraulic 
lines short and improving maintenance. This construction also 
keeps the building lower although it requires a somewhat deeper 
pit. ,This deeper pit favored keeping the water bottles and pre- 
fill tanks close to the main cylinders and their valves. 

The use of conventional-type tie rods also is approved, together 
with the prestressing in the end portions to improve sway sta- 
bility and to reduce the variation of stress in the critical areas. 
This greatly improves the endurance-life potential under repeated 
stress. Bliss builds large numbers of presses with prestressed rods 
and has recorded few instances of broken rods. 

Additional precautions are being taken on the large rods, how- 
ever, to protect their life further. These precautions have to do 
with design of the rods for reduction of stress raisers, surface 
finish for reduction of surface fatigue, and design of the nuts 
to assure uniform load distribution which is not true in conven- 
tional desigas. Figs. 3 and 4 show the cast ingot and the 4-ft 
X 74-ft rough forging for one of the tie rods for the 25,000-ton 
size which push the forging capacity close to its limit. Four o! 
these are required and eight of the same size would be needed for 
the 50,000-ton size. The eight for the 35,000-ton presses are 
smaller. 

Frame components are not too different except that United is 
using steel castings while Bliss employs heavy weldments. The 
use of built-up keved constructions and substantial tie rods which 
are prestressed does not differ greatly from earlier practices on 
Individual frame elements have been held to 
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large presses. 
about 250 tons maximum for transportation purposes. 

One vital point to which the author necessarily gave rather brief 
attention undoubtedly should be brought out for future con- 
sideration. European practice on hydraulic presses is still largely 
limited to water systems and air accumulators. In the United 
States, however, there has been a steady swing since the middle 
thirties to self-contained oil-system equipments. Now the great 
majority of hydraulic presses are ordered this way and have been 
so constructed up to 5000, 12,000, and 18,000 tons capacity. 

During the conferences which preceded the large-press program 


? Chief, Special Engineering, E. W. Bliss Company, Canton, Ohio. 
Mem. ASME. 
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Fic. Notice How ATLROAD Unper TREMEN 
Fie, Artist's Concertion or GENERAL ARRANGEMENT OF pous Loap or aN INcor Witt Eventuatty Become One oF 
35,000-Ton 25,000-Ton Presses as Torey Wit Be THE Tie Rops For THE 25.000-Ton Press 
aT Atk Force Plant, Newark, Onto (This ingot measures 134 in. diam and weighs about 250 tons. Asbestos 


(Floor around 35,000-ton press has been cut away to show underdrive ar- sheets are laid over this ingot to keep it hot until it can be inserted into forg- 
rangement. Between the two presses is a runway for sliding tables used to 
place dies within press and to insert horizontal auxiliary press shown in center 
background Air bottles and pumps are shown in extreme background.) 


Incor Is Ber IN 
7500-Ton Press at BeToLenem 


SAME 


(This ingot will be drawn out to over 75 ft in length and will have a maximum 4 
diam of 49 in.) 


very little consideration Was given to such systems in the expressed 
belief that suitable pumps could not be made available. Now, : 
however, such pumps are under way. Bliss expects shortly to 
have four of them on another defense project. Air Force repre- ; ‘e 
sentatives already have expressed general approval of them. i 
The points to be borne in mind for future consideration are: 
1, Better maintenance in the elimination of corrosion and wire- 
drawing problems; 2, better system efficiency in the elimination 
of pumping liquid against high pressures and then using much of 


it at much lower pressures; and 4, better safety and freedom from 


entrained-air oxidation problems by elimination of the high- 
pressure air bottles. 
Let us keep an open mind on this for future purposes! 


Fic. 2. 35,000-Ton Crosep Die-ForGinc Press Witt Stanp 32 ALEXANDER Zeiruin.’ As the author has pointed out, de- 
Fr Apove Fioon Lever anp 38 Fr Betow sign and operating experience with large-capacity hydraulic forg- 
(Press will weigh 10,000,000 |b and have a die space of 24 ft K 12 ft, with 
daylight opening of 11 ft and stroke of 5 ft. Crown, tie rods, and eylinder 
containers move up and down with working stroke of press. Only ee of \ ice-F resident, Loewy-Hydropress, Ine.. New York, N. ¥ 
press remains stationary.) Mem. ASME. 
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ing presses originated in Kurope: The first of the giant closed 
16,500-ton built in 1931 by 
We have firsthand knowledge of this 


die-forging presses Was a press 
Schloemann for Russia. 
press, since it was built under the direction of Mr. Hugo Lorant, 
our Vice-President in Charge of Engineering, who at that time 

The 16,500- 
Adrian 


brought over from Germany, where they were designed and built 


was the Chief Hydraulic Engineer of Schloemann. 


ton presses now installed in) Cleveland and were 


under the direction of Mr. Henry Albers, formerly Mr. Lorant’s 
assistant at Schloemann, now our Chief Engineer in charge of 
the Heavy-Press Program. The German 30,000-metric-ton press 
also was built under the supervision and to the design of Mr. 
Albers. 
Loewy Engineering Company, Ltd., for the British Government 


The two heavy closed die-forging presses built by the 


present a further contribution by members of our staff to the art 
of heavy forging presses 

The question that immediately arises is: Why, having such a 
wealth of experience with the conventional design of heavy 
presses, have we changed the fundamental concepts of design and 
have chosen the “pulldown” type of design for the presses that 
And, 
why have we deviated from the use of large castings and cylin- 


we are building for the Air Foree Heavy-Press Program? 


drical tie rods? 

Reference is made to the 50,000-ton-capacity and 35,000-ton- 
capacity closed die-forging presses which we are building for the 
Air Force; also to the working scale model of the 75,000-ton- 
capacity press which was displayed at the symposium. 

It was exactly the experience of our engineers with the large 
closed die-forging presses of the conventional design, which they 
have designed and built, that has steered them to the departure 
in design as embodied in these representations and press models. 

Our designers have concluded that somewhere around the press 
size of 18,000 tons lies the limit for conventional-type presses. 
This, of course, is their opinion, to which they are entitled 

Furthermore, the limitations in the manufacture of extremely 
large steel castings and large-diameter round tie rods of uniform 
quality have prompted our designers to adopt the composite slab- 
type construction for the press structure, and laminated ree- 
tangular type of tie rods. One of the greatest advantages in the 
rectangular type of tie rod is the method employed to anchor 
No threads are employed as in the conventional round 
The disadvantage in threaded tie rods is well known— 
stress concentrations, notch effects, fatigue failures. As for large 
steel castings, even the best-made castings contain certain “soft 


the ends. 
tie rods. 


spots,’’ porosity, segregation, cooling cracks and tears, some of 
which are not at all discernible prior to installation into the press. 
Better quality control is obtained when using forged slab-tvpe 
members instead of castings. 

The importance of rigidity of the press bed in closed die-forging 
presses as it affects deflections must be emphasized. 

With respect to deformations in die-forging presses, the au- 
thor’s statement, “It isevident that the most rigid press imagina- 
ble would be that ‘ideal’ having die sets composed of two semi- 
infinite solids,’’ does not conform to data developed by others. 
It is shown by Terzaghi,‘ and others, that for a distributed load 
on a semi-infinite solid the deformations at the center are greater 
than the corresponding deflections for the same load on a laterally 
infinite plate of finite depth. A plate of finite depth corresponds 
more closely to the actual construction in die-forging presses in 
which bending deflections are small over the length dimension of 
the part being formed. 

In the actual construction of dies and die sets, there is a finite 
boundary and finite depth. In this case it may be expected 
that relative deformation at the edge with respect to the center 

‘Theoretical Soil Mechanies,”” by K. 
Sons, Ine., New York, N. Y., 1943, pp 


Terzaghi, John W iley « 


423-427. 
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would be less than in the case of the infinite plate of finite depth. 
Thus, in the limiting case, a uniform load applied over the faces 
of a eylindrical block would produce substantially uniform de- 
formations over the faces. Thus, from the point of view of rela- 
tive deflections of edge with respect to center, the “ideal” press 
is one in Which load is applied over the entire end surfaces of a 
block of For a nonuniform distribution of 
load over the end faces of such a block, the relative deformations 


finite dimensions. 


also would be smaller than is the ease of the semi-infinite body. 
Hence it is important to analyze each structural assembly of 
press components and die sets with respect to actual details of 
construction. 
The 
actual conditions in a closed forging die differ vastly from the 
We do not share 
the author's pessimism as to the expected deflections and deforma- 


Until now, we have spoken of free forging of “pancakes.”’ 
conditions in the free forging of pancakes. 


tions in closed die-forging. 

We feel that forgings for the aircraft industry can be made to 
close tolerances. Therefore we have designed our presses with 
extremely rigid beds in order to obtain close-precision torgings 
by reducing press-platen deflections. This was our main con- 
sideration in using forged slabs for strongbacks in) our new 
press designs as compared with castings. 

To advance toward our common goal of making available to 
the aircraft industry presses for the production of precision forg- 
ings, progressive engineering thinking and teamwork of the entire 
press-building industry is of paramount importance. 


G. W. Paren.$ 
remarks is that the conclusion might be drawn from pancake 
This is 
There 


are ways out of it and we will have to get together and work them 


The writer’s main concern with Dr. Stone's 


tests that we are going to accept the '/,-in. tolerance. 
completely in error. We are not, and we don’t have to. 
out. 

Let us see what can be done by getting proper surface condi- 
tions on the dies, proper lubrication, and proper temperature 
control. In the work that we have done, both at Lockheed and 
in contact with various producers, we have had a few cases of test 
dies where surface conditions ranged somewhere between that of 
a bastard file and a mill file 
forging 


This is hardly conducive to good 


We need 
better lubricants that will stand up under high temperatures. 


A lot of work ean and should be done in lubricants 


Through proper design of the part, we can provide relief which 

will absorb some of the tremendous pressure whose effect in the 

deflection of the die and of the press certainly can be minimized. 
Discussion ON FrrrzLen Paver 


The writer would like to add a few words on 
what has been said on casting ingots, concerning the other light 


G, ANSEL.® 
metal, namely, magnesium. Magnesium is in the picture in the 
large-press program and obviously we have to provide s:atisfac- 
tory ingots. The largest-diameter extrusion ingot that has been 
cast on a production basis today, in so far as the writer knows, in 
We cast this at 
Dow by the D-C process but do it on a continuous basis in 


magnesium or magnesium alloys is 18 in. diam. 


contrast to the author’s discussion which concerns an intermit- 
We have cast all magnesium forging alloys in this 
We use this size ingot on a 5500-ton extrusion press and 
We have cast rectangular 


tent process, 
size. 
produce forging bars up to 9 in. diam, 
ingots in magnesium with a cross section of 41 in. In 
lengths of about 100 in. these correspond roughly to about 3000 
Ib of magnesium, 


Production Engineering Department Manager, Lockheed Air- 
craft Corporation, Burbank Calif. 


— € Dow Chemical Company, Midland, Mich. 
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To date we have only cast rolling composition in these ingots, 
indicative of the that we east in 
Though we have east no 25-in. or 30-in-diam in- 


but this is sections can 
magnesium. 
gots, the writer believes the following statement can be made 
The magnesium forging alloys are in the same 


as 245 aluminum alloy. The problem of 


with certainty: 


‘nesium alloys, namely, that the 18-in-diam ingots produced to- 
day are completely sound. To recapitulate then, ingots up to 
18 in. diam are being cast today, and by analogy and experience 
‘itis felt that what can be done in aluminum can be done in mag- 
To go one step further, bar stock of 15 in. to 16 


T. F. McCormick.’ 
~ required and some of the factors involved in casting large ingots 
of strong alloy aluminum. Our company has always been ac- 
tively interested in ingot casting as evidenced by our development 
of the D-C process in the early 1930's. This process became and 
has remained the standard method for casting aluminum alloy 
As a result of our continuing 


The author points out the ingot sizes 


fabricating ingots in this country. 
study of the problems involved, we produce regularly round and 
square ingots of the strong alloys weighing 5000 to 6000 Ib and 
rectangular ingots in excess of S000 Tb. 

The large program has stimulated the 
interest in the development of casting methods for ingots weighing 
approximately 10,000 Ib and with cross-sectional areas in excess of 
1000 sq in, 
of increasingly larger ingot sizes with each size being evaluated 


press company’s 


Our investigations have proceeded by logical steps 
earefully for quality as it) was preduced We have cast over 
1,500,000 Ib of 75S ingots about 25 in. diam, and these ingots 
have served as stock for fabricating large forgings, thus permitting 
an excellent opportunity to prove the soundness and other quali- 
ties of the ingots. Incidentally, this ingot size is the largest in 
solid form that we contemplate will be required in the strong al- 
lovs of aluminum for the 14,000 ton extrusion press now being 
installed. 

As the next step in our ingot development program we are 
working on the casting and evaluation of 75S and other strong 
alloy ingots about 35 in. diam 
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alloy ingots 32 in. diam and 95 in. long or longer have been de- 


veloped. Fig. 5 of this discussion shows a full-size ingot. This dm 
is the ingot that was cast June 25, 1952, when the process was \ 4 
demonstrated to the Air Force. 

Present equipment size limitations preclude establishment of 
maximum ingot-diameter size that the new processes can pro- 4 
duce. Alloy 75S ingots with diameters moderately in excess of | 4 ; 

and ingot diameters substantially 


32 in. definitely 
larger than 32 in. appear to be very possible. 


ure possible 
Production units 
to accommodate ingot sizes up to 38 in. diam are now in the 


design stage. 

Results obtained on quality evaluation are summarized as 
Typical transverse sections of the 32-in. ingot reveal 
grain sizes essentially the same as metal cast in conventional sheet 


follows: 


and rod ingots but with no discernible evidence of gas porosity. 
\ typical etched transverse section appears in Fig. 6, herewith, 
Close examination failed to reveal any porosity in that ingot, 
Microscopic examinations of specimens cut from center, edge, and 


midway pesitions of transverse sections from typical ingots re-- 


P. P. ZEIGLER.’ 
last year on the same subject emphasized the importance of 
developing methods of producing large light-metal-alloy ingots. 
Kaiser Aluminum and 
Chemical Corporation added further emphasis to the importance 


Discussions at the meeting at Santa Monica 


In addition, information gathered by 
of the problem. Finally, the author's excellent and comprehen- 
sive paper again stresses the importance and magnitude of the 
problem. <A brief summary of the Kaiser Corporation’s efforts 
and accomplishments toward the solution of this problem pos- 
sibly would be of interest. The broad purpose of the large-ingot 
project is the development of a method capable of producing 
usable ingots and alloys, such as 148, 248, and 75S in sizes up to 
and including 32 in. diam & 85 in. long. 

On the premise established by years of experience, that high- 
quality ingots of large size are far more difficult to cast in 758 
than in either 148 or 248, the practical objective of the first 
phase of our program quite obviously reduced to that of develop- 
ing a method of casting high-quality ingots in 75S alloy in 32-in- 
diam sizes. Results obtained today can be summarized under 
two broad categories, process development and quality evalua- 
tion. Under process development, improved metal degassing 
and improved casting processes capable of producing sound 758 


7 Aluminum Company of America, Pittsburgh, Pa. 
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Kia. 7 
(a, Porosity and constituent distribution in 10 in 


vealed fine and evenly dispersed constituent structure equal to and, 
in fact, characteristic of metal cast in conventional-size sheet 
and rod ingots. At most, only bare traces of gas porosity 
appear in the microscope. 

Fig. 7 compares the microstructure of sheet ingot with micro- 
structure found in 32-in-diam ingots cast by our process. The 
black arrows in Fig. 7 (a) point te the porosity, which was iden- 
tified by further under magnifications. 
The microstructure, Fig. 7 (6), was one o: our 32-in. ingots; 
The metal quality in 
our 32-in-diam ingots (because of the absence of gas porosity) 
definitely is superior to the metal quality of the smaller ingots 
used successfully throughout the aluminum industry during the 
past 8 to 10 years, 


examination higher 


note the complete absence of porosity. 


Sheet rolled from transverse sections of one 
of the large ingots possessed normal mechanical properties with 
no trace of blisters in the T6 temper. Sound 758-T6 extrusions 
of excellent quality were obtained by extruding 12-in-diam x 
20-in-long billets from the center of the 32-in-diam ingot. 

The section in Fig. 8 is seen to be about 1'/, in. long & about 
thick, and was extruded from a 12-in-diam billet core 
It has been etched 
It is the soundest 
piece of extruded metal the writer has ever seen. The 5-in. cubes 
sawed from the center and edge portions of transverse sections 


2'/, in 
drilled from the center of the 32-in. ingot. 
and shows absolutely no sign of porosity. 


from the 32-in. ingot were upset satisfactorily at SOOF, even 
though rough saw marks were not polished or dressed in any way. 
It is believed that these experiments and facts established that 
the material has good forgeability. 

Full-seale forging and extrusion tests have not been completed 
as yet. However, the excellent quality of the cast-metal struc- 
ture and the virtual absence of gas porosity when viewed in the 
light of the aluminum industry’s experience with smaller ingots 
in the past 8 vears, invokes confidence that 32-in-diam ingots pro- 
duced by the Kaiser process will meet successfully the require- 
ments of a large forge and press program. 
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x 30 in. 758 sheet ingot. b, A 32-in-diam ingot. 


Arrows indicate porosity. Unetched. 


Fic. 8 75S-T6 Extrrupep From a 12-IN. Core Cut From a 32-In- 
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J.B. Exeuisn. About a vear and a half ago the writer and 
his associates were asked to prepare a paper to present to the 
ATA at Los Angeles. At that time they had carried out some ex- 
perimentation on 32-in-diam ingots under an AMC contract. At 
that presentation the writer strongly emphasized the fact that 
a program of this type, which was mentioned earlier amounted 
to some half a billion dollars, should surely take into consideration 
the fact that the ammunition for these presses warranted a sub- 
stantial amount of expenditure and experimentation to justify 
such a large outlay of money. The writer gave, as an example in 
this paper, the idea of the manufacture of a tremendously large 
gun without due consideration for the ammunition that was to 
go into it. We had expended a certain amount of money, 
which the author pointed out, in the development of a 148 
ingot left something to be desired in’ the way of porosity. 
However, 145 alloy is more susceptible to porosity than perhaps 
some of the other alloys. The author also points out several 
factors in the D-C casting process in which he recommends that 
better metal control, i.e., the use of induetion furnaces and mold- 
ing furnaces and modifications to the D-C process, per se, would 
produce successfully the ingots desired. 

We are stil! actively interested in the continuation of the devel- 
: opment of these large ingots and we did take one further step, 
that is, the processing of a proposal which we felt would develop 
ingots of 32 in. diam, and perhaps larger for these presses, At 
the present this program has been curtailed on the basis that 
— other companies such as Kaiser, which have done such a fine job 
on the 75S ingot, have shown that the competitive action of free 
enterprise in many instances can surmount problems of simple 
allocations. This tremendous competitive movement within 
less than 2 years has accomplished the production of ingots that 
formerly were incapable of being produced, The writer sincerely 
hopes that such competition will carry this program of large 
presses to ultimate success, 


Discussion ON MorHERWELL, AND Rustay Parer 


G. ANSEL.'° The authors mention the fact that magnesium is 
not as strong or rather the magnesium alloys are not as strong as 
the 75S-T, and, unfortunately, this is quite true. Research and 
development should cut down the differences but the fact. exists 
today that 75S-T alloys are stronger than the magnesium alloys. 
Nevertheless, we still find magnesium being used in extrusions and 
in forgings. In general, pressures required for magnesium are 
considerably less than in forging 758-T. Careful laboratory ex- 
periments indicate that the pressures are actually lower than 
those required to forge 148 by 10 to 20 per cent which means, of 
By course, thinner webs. Another point in favor of magnesium 
forgings is that the problems of warping of the machined forgings 

are considerably less, because the forgings are not heat-treated at 


high temperatures and quenched to obtain maximum properties. 


J. M. Our company has made extensive use of 
; a large aluminum-alloy forgings for naval aircraft built during the 
past 5 years. Landing gears, main wing structure, and control- 
system parts have been made from 145 and 75S forgings. Many 
of these parts demand the use of the heaviest. available press and 
| hharamer equipment in the industry. In fact, had larger presses 
been available they could have been used to advantage in several 
cases, such as the large wing-beam forging shown in the paper. 


Thinner webs on this forging would have been desirable, as it is 
Reynolds Metal Company, Richmond, Va. 
© Dow Chemical Company, Midland, Mich. 
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not possible to machine down the thickness of a heavy forged web 
very greatly without running into trouble from buckling under 
the residual compressive stress resulting from heat-treatment. 

Although it is highly desirable to have parts forged to finished 
dimensions, the increased die costs and die-sinking time to do so 
may justify a good deal of machining to size by the user. This is 
especially so when the production run is small and forging dies are 
the major part of the cost. Right and left-hand parts, for ex- 
ample, may be made from a single forging, and we do it fre- 
quently. 

It. is our practice to make extensive tensile tests of specimens 
cut from all eritical portions of sample forgings to be sure that the 
desired strength will be developed in the part. ‘This practice has 
paid off in the detection of unsatisfactory forgings and in pointing 
out the directions in which forging improvements can be made, 
Unsatisfactory conditions found in the forging stock from time 
to time have been the major difficulties encountered so far, 
Though some of this may be countered by suitable preforging 
operations on the material, a good deal appears to stem from con- 
ditions in the original ingot. Encouraging improvements in ma- 
terial soundness have been made recently, but there is need of 
further improvements to eliminate the occasional unsutislactory 
transverse properties mentioned by the authors. Even though 
most of our aluminum-alloy forgings have been of excellent 
quality, the few on which trouble has been encountered have given 
rise to disproportionate difficulties, since the improvements de- 
sired have not come quickly or easily. Improvement of the basic 
material stock is an important part of any program to widen the 
use of aluminum-alloy forgings in aircraft, 


A. H. Perersen.'? During the past few months, the writer has 
been visiting most of the aircraft companies, talking to design en- 
gineers about what they expect out of these presses, and it is be- 
lieved that there are only three basic factors at this time which 
enter into the question of utilization. One of these basic factors is 
procurement span, The aircraft: industry today is wondering 
when it will get these forgings. Is the time going to be as 
long as it has been in the past on smaller forgings, both ferrous 
and nonferrous? Regarding the actual delivery, there doesn’t 
seem to be any relationship but there should be a time set when 
these presses go into operation and the aircraft industry begins to 
use them. We have been assured by our suppliers that in 1954 we 
will begin to get under way. When one considers a multimillion- 
dollar installation, the amount of machine tools and all supple- 
mentary presses and equipment needed to service these tremen- 
dous presses, it can be realized that this isn't a small effort. We 
have been told 1954 is the date when things should begin to hap- 
pen in the forging and extrusion field. 

The matter of physical properties has been explored in this 
symposium and the matter of accuracy, too, In regard to the 
latter, the writer thinks that for every design looked at, a way has 
been found to get this accuracy. There are no such things as 
standard draft angles, minimum web thicknesses, or any other of 
the finite relationships that are seen in design handbooks on other 
subjects based on knowledge and experience. When we take each 
one of these design problems and break it down, we have found a 
way tosolve it. Thus we get back to the procedure of the aircraft. 
designer, designing the component in collaboration with the forg- 
ing or extrusion producer. In building a prototype model, the 
practice of the aircraft company is to start a tooling program for 
production; in other words, it is planned to build this airplane on a 
production scale, The writer has never heard of a tooling pro- 
gram for production waiting on the results of research tests and 
test flights of a prototype model, By the same token, the pro-- 
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ducers should be given the opportunity to work at the inception 
of the design to do their preliminary purchasing of die blocks and 
preliminary sinking. This is one way that the aircraft industry 
ean cut delivery schedules, 

We are told that these new presses are to be ready in 1954; 
they will be used on airplanes that are to be in production in 1955, 
1956, and perhaps 1957. Today is the time that these designs (of 
structural parts, etc.) should be developed for production of 
accurate forgings and extrusions. The writer has not found that 
this is so, and the aircraft industry for whom these presses are in- 
tended, must begin initiating the designs. Our company and 
others, too, would welcome the opportunity to do research and 
development work to obtain the result that is required and to quit 
talking about it. We know that the aircraft industry prepares all 
of its designs constantly, for prototype and for production, and 
this is just the same additional step, only a little further along the 
road. 

There has been a lot of talk about the fact that machining will 
be a particular problem with heavy presses. Months ago we said 
that we were tired of doing machining on finished products and 
then having them ‘“‘walk all over the lot.” 
machining required must be done before the part is finished- 


It seems to me that any 
forged. Metallurgists have warned us about the dangers of 
whittling off toolmarks, of taking off beneficial forgings skins, 
and so on, and it is time we adopted a new, more novel approach 
We have studied enough 
jobs to show that there is every possibility we can get what 


to produce the accuracy that is required. 
is needed, It is now up to the aircraft industry and the design en- 
gineers to start telling us what they want, rather than handing 
us a machined-out a 7 or 10-deg forging, or a sloppy 
tolerance extrusion and say, “what can you do to make it better? 


part or 


G. D. Wexry." 
paper. There is still an area of disagreement on the subject of 
precision among us as producers and as users of large forgings, but 
the writer believes that the problem is becoming better under- 
stood and the area of disagreement is being narrowed down. If 


We are greatly interested in the authors’ 


the forging producer is to realize the degree of precision that will 
do the aircraft builder very much good, a complete collaboration 
with the user will have to be effected all through the design stages, 
The machining of the forging is going to be just as important as 
the producing of it, and the jigging and the tooling will have to be 
worked out along with the production of the forging if high de- 
grees of accuracy are to be achieved, For instanee, you can’t 
start at one end of a forging and throw all the errors toward the 
other end because, when you get to the other end, just the ordi- 
nary inaccuracies of the process resulting from thermal expansion 
and from forging tolerances are going to run you out of stock. 

The tooling has to be worked out so that the machining is done 
from some central point and the error distributed both ways if the 
maximum advantage of close forging tolerances is to be realized. 
We had an experience recently in which we built some large dies 
to a high degree of precision and, after we had supplied quite a 
number of forgings, we began to get requests to leave the dies open 
and to put on more stock. An investigation revealed that the 
tooling, the jigs, and fixtures had been so laid out that all of 
the errors were being thrown to one end and to one side of the 
forging. The tooling was so expensive and so elaborate that it was 
easier just to add on the stock than it was to change the tooling. 

If we intend to adopt precision forging, then we should forge 
definite locative points into the forging itself, and engineers and 
tool designers will have to collaborate very closely with the forging 
producers to get the advantage of the maximum degree of pre- 
cision that we will be able to furnish. 
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Discussion ON McCormick Parer 


T. L. Frivzien.'* The writer's company carried out some work 
under an Air Force contract to develop tapered extrusions, but 
the quality obtained in these extrusions was inferior. The author 
indicates that he expects less difficulty with the production of 
tapered extrusions when using larger ingots. Is this because the 
difficulty would be minimized by placing the tapered-extrusion 
orifices farther away from the cylinder wall with the larger ingot? 
He gives us cause for concern when he states that the ring defect 
might extend an appreciable length in the large extrusion when 
produced from the larger presses. Does he consider this defect 
prevalent on extrusions produced, say, from 14-in-diam ingots, and 
does he think this defect would be more pronounced on larger 
sections extruded from larger ingots? Will scalping of the ex- 
trusion ingot in the larger sizes minimize this defect? 

The writer’s company also has done considerable development 
work on the production of extruded integrally stiffened rib sheet. 
We are entirely in agreeme vith the author that the extrusion 
of such a section is simiple comjared to the flattening of the section 


after it has been extruded and heat-treated, 


GENERAL Discussion 


V. F. Braun."® The writer would suggest to Mr. Motherwell 
in view of the impeller wheel shown, that the thickness of the 
vanes at the top of the draft is perhaps 5/i_in. or */gin. Why not 
'/1¢ in. thinner or perhaps even '/s in. Some of the draft angles 
suggested are also much greater than they need be. 

Mr. Petersen states that the presses probably will go into opera- 
tion in 1954. Airplanes then will be made from parts from those 
presses in 1955, 1956, and 1957. It is sug- 
gested that those of us in industry who now have the ball, pick it 


That’s a long time. 


up and run with it and see if we can’t get some of these presses in 
operation in 1953, and the major part of them in early 1954, so 
that designers and engineers can see what can be accomplished 
on them. The writer also would like to suggest that the hesita- 
tion on the 75,000-ton vertical press and the 25,000-ton extrusion 
press be dispelled. Such presses will cost a great deal of money, 
but they might well be considered as expendable, much as we con- 
We readily spend 50 or 60 million dollars on a 
It then does not 
Such a large 


sider a battleship. 
battleship and perhaps a hundred on a carrier. 
produce anything except to protect our country. 
vertical press and extrusion press can be and will be a self- 
liquidating project in that it will reduce man-hours, conserve 
materials, and improve aircraft parts to make better, faster, 
longer-range, safer, and less costly planes. If we build a 75,000- 
ton press starting in 1954 or 1955, it will be 1958 to 1960 before 
we know what it will do. 

Perhaps it is out of order at this time to talk about hammers. 
Nevertheless, as is well known, hammers have been used to the 
extent of 45 or 50 thousand pounds falling weight for one-way 
hammers. 

In 1945 the Air Force, through General K. B. Wolfe, arranged 
to bring to this country from Germany two 16,500-ton hydraulic 
closed-impression die-forging presses. In addition, several large 
counterblow hammers, a type with which many readers are 
Two of them are in operation in our 
plant at Cudahy, Wis. These hammers were designed to work 
together at the Krupp plant just outside of Essen. They are now 
performing work that we did not think could be accomplished on 
hammers at the time they were installed. As Mr. Motherwell 
has suggested, many of the aircraft parts, especially from high- 
temperature alloys, were too large for existing one-way hammers. 


familiar, were imported. 
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Maintenance on the tools was extremely high and base breakage 
great. Therefore we at Ladish transferred certain parts to the 
counterblow hammers with unusual success so far without 
breakage of important hammer parts. 

The large counterblow hammer designed by the writer's com- 

- pany under contract by the Air Force is now nearing completion, 

~The capacity is 125,000 meter-kilo. ‘This will result in an effective 
blow in the range of 140,000 or 150,000 Ib graded in a one-way type 
of hammer. The hammer mentioned by Dr, Stout was built some 
40 or 50 years ago at Bethlehem, Pa., rated at 250,000 Ib. If the 
writer is not mistaken, this was a flat die hammer, quite «a dif- 
ferent piece of equipment from a closed-impression die tool 
Therefore we feel that hammers have a definite place in the air- 

— eraft forging industry. Hammers can forge aluminum although 
it should be stated that die alignment can be better maintained 

in hydraulic presses and that the material prefers to be pressed 

slowly rather than fitted into place rapidly. It still can be done. 
Some of the shapes on display can unquestionably be forged under 
hammers. A 150,000-lb hammer in the form of a 125,000 meter- 
kilo hammer unquestionably will perform useful work and help 
to carry us on the way to faster, stronger, safer, longer-range, 
and less costly aircraft. 


G. W. Papren.’® The writer is gratified in the change of attitude 
and in the amount of research that has been accomplished during 
the past year to produce better forgings and extrusions. The 
— question has arisen as to why better forging and extrusion designs 
are not forthcoming. The writer cannot answer the many ques- 


tions involved, but there is one which should be solved quickly. 


What are we aiming at? When are the presses tobecome availa- 
ble? It is about time a definite schedule for completion should 
be laid down, so the airframe producers can get to work. 


Cot. W. R. Carrer.” We have had lots of problems in con- 
nection with bringing the heavy-press program along to a con- 
‘lusion. The majority of those problems are now identified, and 

it is hoped that we know the solutions to most of them. As has 
been indicated, this is a multimillion-dollar program. Hach one 
of the facilities that are being set up to accommodate these presses 
_ and operate them is rather involved. The planning that goes into 
them and then finally the procurement and the fabrication of the 
various pieces is no small undertaking. The writer hopes that by 
— mid-1953, the first press will be in operation. That will be the 


_ large extrusion press. It will be located at Lafayette. We ex- 
pect the majority of both the forging presses and the extrusion 
_ presses to become operational during 1954, with the remaining few 
set up and operable in 1955. 

When we consider castings that weigh 250 tons finished, and 
forgings that run substantially in excess of any with which we 
have had experience heretofore, the attendant problems in ma- 
-chining and subassembly, transportation, and erection are terrific. 


We have problems to work out, but it is believed the schedule is 


established now and we will be able to hold to it. 


Minton L. Goprrey." The writer would like to ask some 
questions that normally would come when the time arrives 
to buy large forgings. We will be most interested in what hap- 


vens in the event of die breakage on a forging die that might 


to the possibility of die breakage without very adequate reserves, 


possibly duplicate sets of dies? That will influence almost any 


USAF /AMC, WPAFB. 


* Chase Aircraft Company, Ine., West Trenton, N. J. 


Another problem has bothered us for quite some time. 
We have found a great reluctance among the forging companies 
to commit themselves to surface finish where we had hoped to 
use the forgings “as forged’? on certain surfaces. With their 
reluctance to commit themselves on surtace finish and on flat- 
ness, we have had to design for extra metal and extra machin- 
ing operations which initially we thought could be avoided. 
Possibly we can work out some better agreement as to what can be 
done. We know that dies wear, but also we know that aireraft 
runs are usually small, and that die wear probably would not 
affect surface finish that badly. As a matter of fact, on forgings 
that have been received, we find the forging finish to be entirely 
adequate to meet our requirements and considerably in excess of 
What the forging operators told us they could do. 


G. W. In reply to Mr. Godfrey we have been 
told that ten ship sets on certain airplanes will pay for the tooling 
cost. If that is so, and it is believed to be a fact, it’s obvious that 
there should be backup sets Tn all production of forgings of any 
quantity whatever in the forging business through the vears we 
have had backup sets of dies. We never know how long a die 
may last. The forging press or steam hammer is a machine of 
destruction and, therefore, backup sets are essential 

In so far as surface finish is concerned, the writer does not be- 
lieve that coin surfaces are satisfactory for assembly, However, on 
the B-47 parts, they are only machined in mating surfaces where 
it is necessary to fasten either the skin or the forgings together. 
We have never doubted the ability of the presses to produce forg- 
ings with surfaces that are acceptable with the exception of places 
where they must be machined in order to get extreme accuracy 


J. Canvvon Warp, Jr.2° This is an amazing program which 
we have just discussed. I do not believe, in the history of this 
country or perhaps the world, there has ever been such a 
noble attempt to extend an art so rapidly. Even the atomic 
bomb, which was an application of an extension of the boundaries 


of science, can be said to parallel in its field this enormous exten- 


sion of the art of metal-processing. What would have been 
decades of experience are going to have to be crammed into «a very 
limited period, so this symposium by no means scratches that 
surface. Great progress should be made before another meeting 
of this group at which we hope a further milestone will be reached. 


CLosureE BY Stone 


With regard to Mr. Papen’s comments concerning the figures: 
that we gave in connection with Mr. Motherwell’s tests on the — 
18,000-ton press at Wyman Gordon when making “pan cakes,” 
the point of my remarks in this connection are that presses, even 
as large as the ones under discussion, are not as rigid as is generally = 
assumed. Because of inadvertent die distortions, it is necessary - 
in order to produce flat panels, to start with inclined die surfaces, 
to properly correct for the distortions of the die itself, As better. 
lubricants are developed the friction effects will diminish and less. 
die distortion will result. 

In connection with Mr, Crane's discussion of the pull-down 
type of press versus the push-down type, the writer is still of the 
opinion that the pull-down type will always and necessarily be 
considerably heavier than the push-down or more conventional 
type. Perhaps this difference can be somewhat decreased by 
going to extremely heavy weldments, as compared to castings but 
it is to be appreciated that weldments in slabs up to 17 in. thick 
are involved, and we deem it a very courageous thing to do, 
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While Mr. Crane’s figures seem to indicate that the weight differ- 
ence is not too great, I should like to quote figures given out by 
the Hydropress Company for their 50,000-ton press, which has a 
moving weight of 6000 tons out of a total weight of 10,000, 
corresponding to a 60 per cent figure, whereas in our comparable 
design of a 50,000-ton press of the push-down type the total weight 
would be only 7000 tons and the moving part would be only 2200 
tons or $1 per cent of the total. 

In reply to Mr. Zeitlin’s discussion on the matter of die de- 
flections in closed-die forging presses, the writer wishes to re- 
emphasize his conviction that representing such a press as com- 
posed ideally of two semi-infinite solids errs on the side of rigidity 
and that any physical press will necessarily be more subject to 
distortion than such an “‘ideal’’ press. The writer does not wish 
to be thought to be pessimistic about the matter of deflections 
and deformations in closed-die presses, but. merely realistic, and 
wishes to reiterate the fact that compensations for such dis- 
tortions can and are made by the die designers. 


CLosure By T. L, Frivz_en 


Mr. Ansel’s remarks on the casting of large magnesium ingots 
are appreciated, as they show that the largest ingots cast today in 
magnesium alloys are cast by the D-C process, and indicate that 
larger ingots would also be cast by this process. 

Mr. MeCormick’s and Mr. Ziegler’s comments state the ac- 
complishments of their respective companies in developing the 
D-C casting of aluminum alloy ingots of large cross sections. 
Their comments show that the aluminum industry as a whole, is 
in agreement that the direct-chill process is the proper method to 
use to cast high-quality aluminum alloy ingots in cross sections 
larger than produced commercially today. 

The author heartily endorses Mr. English’s remarks that com- 
petitive free enterprise has produced results in the casting of 
aluminum alloy ingots of large cross sections which would have 
heen considered fantastic several years previous. 


Crosure sy G. J. R. Doustin, anv 
A. L. Rusray 


We wish to thank Messrs. Ansel, Frankland, Peterson, and 
Welty for their interest, and for the contribution their discussions 
have made to the subject matter of the paper. 

Mr. Ansel does well to bring out two points in favor of magne- 
sium, namely, less forging pressure required, and less warpage 
when water quenching for heat-treatment is eliminated. These 
advantages could be capitalized on in many forging designs. 
Also worth noting is the fact that the relatively new magnesium 
alloy, ZK60, is considerably tougher and more forgeable than the 
older alloy, AZ80X. Continued satisfactory performance of the 
newer ZK60 should add considerable impetus to the use of mag- 
nesium in forgings. 

Mr. Frankland, we are happy to note, points out that there 


are causes where it is more economical to machine to. size 
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than forge to size. We agree, and recommend careful study of 
this point on every forging design. There has been much pres- 
sure for forging to size based on a lack of sufficient machining 
capacity for volume production. This approach may overlook 
the fact that lowest cost at point of assembly could be achieved 
by providing sufficient machining capacity to permit the most 
economical balance between forging and machining. 

Mr. Peterson’s comment proposes a vigorous approach to the 
solution of the aircraft designer’s forging problems. It is the 
type of approach that we must all foster if we are to see 
rapid development of forging technique. Mr. Peterson says, 
“The writer has never heard of a tooling program for production 
waiting on the results of research tests ”. And yet, airplane 
designers and builders do not ordinarily tool up for production 
unless careful and intelligent analysis of their problems indicates 
a high probability that they will solve them. The forging pro- 
ducer has a heavy responsibility to operate on the same basis, 
and to agree to produce only what careful study based on ex- 
perience indicates can be produced. The chaos which would result 
in plane-building schedules if a forging producer failed to deliver 
a basic structural part automatica!ly rules out untried or experi- 
mental concepts for production quantities. 

Mr. Welty’s emphasis on fuller collaboration between aircraft 
and forging designers if full advantage is to be taken of greater 
precision in forging, is a point well stressed. That, it seems 
certain, is one point on which the forging producers are in com- 
plete agreement. 


Criosure By T. F. McCormick 


In response to Mr. Fritzlen’s question concerning tapered 
extrusions it is always desirable to have the die openings for 
extrusions located at a reasonable distance from the cylinder 
walls. However, this was not the particular point in mind when 
a statement regarding being 
products applicable to large presses. If such sections are produced 


was made tapered extrusions 
by grouping two or four around a single mandrel, then it requires 
a large press in order to produce a shape of sufficient size to be 
useful. 
wing spars and these are quite large for some types of aircraft. 

The other point raised by Mr, Fritzlen asks whether the ring 
defect. would be more prevalent in extrusions from large ingots 
than in extrusions from the present ingot size. This ring defect 
or condition is responsible for establishing minimum butt lengths 
in producing extrusions rather thar the so-called extrusion defect. 
In considering the effect of ingot diameter on minimum butt 
lengths, we know that for small ingots 10 per cent is sufficient, as 
the size increases this length must be increased to 12 '/, per cent 
and for the largest size now in use the normal butt length is 16 ?/; 
per cent. On this basis there is a definite trend to increased butt 
lengths and we can assume that we will reach a size where it will be 
more economical to remove the outer surface of the ingot by sealp- 
ing rather than leave an excessive butt length, 


The essential need for tapered extrusions is for aircraft 
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AN ASME PAPER 


Its Preparation, 
Submission and Publication, 
and Presentation 


To a large degree the papers prepared and presented under the 
ASME sponsorship are evidence by which its professional standing 
and leadership are judged. It follows, therefore, that to qualify 
for ASME sponsorship, a paper must not only present suitable 
subject matter, but it must be well written and conform to recog- 
nized standards of good English and literary style. 


The pamphlet on “‘“AN ASME PAPER” is designed to aid authors 
in meeting these requirements and to acquaint them with rules 
of the Society relating to the preparation and submission of 
manuscripts and accompanying illustrations. It also includes 
suggestions for the presentation of papers before Society meetings. 
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PREPARATION OF A PAPER— 


General Information—-Style, Preferred Spelling, Length Limitation, 
Approvals and Clearances. 


Contents of the Paper— Title, Author's Name, Abstract, Body of Paper, 
Appendixes, Acknowledgments, Bibliographies, Tables, Captions, Photo- 
graphs, Other Illustrations. 


Writing the Paper—Outline Tabulations, Tables, Graphs, Charts for 
Computation, Drawings, Mathematics, Accuracy, Headings and Number- 
ing, Lantern Slides, Motion Pictures, Typing, Number of Copies. 


SUBMISSION AND PUBLICATION OF A PAPER— 


Intention to Submit Paper Required in Advance, Meeting Dates, Due 
Dates for Manuscript, Discussers, Review and Acceptance, Proofs, Ad- 
vance Copies and Reprints, Discussion and Closure, Publication by 


PRESENTATION OF A PAPER— 


Time Limit, Addressing Your Audience, Public Address Systems, Use of 
Slides. 


REFERENCES— 


Price 40¢. No discount allowed. A remittance must eccompany 
all orders for $5.00 or less. U.S. Postage Stamps are acceptable. 
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